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ABSTRACT: Understanding the dealloying mechanisms of
gold-based alloy thin films resulting in the formation of
nanoporous gold with a sponge-like structure is essential for
the future design and integration of this novel class of material
in practical devices. Here we report on the synthesis of
nanoporous gold thin films using a free-corrosion approach in
nitric acid applied to cosputtered Au−Cu thin films. A
relationship is established between the as-grown Au−Cu film
characteristics (i.e., composition, morphology, and structure)
and the porosity of the sponge-like gold thin films. We further
demonstrate that the dealloying approach can be applied to
nonhomogenous Au−Cu alloy thin films consisting of periodic and alternate Au-rich/Au-poor nanolayers. In such a case,
however, the dealloying process is found to be altered and unusual etching stages arise. Thanks to defects and column boundaries
playing the role of channels, the nitric acid is found to quickly penetrate within the films and then laterally (i.e., parallel to the
film surface) attacks the nanolayers rather than perpendicularly. As a consequence to this anisotropic etching, the Au-poor layers
are etched preferentially and transform into Au pillars holding the Au-rich layers and preventing them against collapsing. A
further exposure to nitric acid results in the collapsing of the Au-rich layers accompanied by a transition from a multilayered to a
sponge-like structure. A scenario, supported by experimental observations, is further proposed to provide a detailed explanation
of the fundamental mechanisms occurring during the dealloying process of films with a multilayered structure.

KEYWORDS: nanoporous gold, dealloying, copper, thin films, cosputtering

1. INTRODUCTION

Dealloying is an ancient alchemy technique used in the past in
depletion gilding for the surface enrichment of jewelry and
artifacts of karat gold alloys.1−3 Both experimental and
theoretical backgrounds of dealloying are very well documented
in the literature.2−4 Briefly, during such a corrosion process,
one or more constituents of a solid solution alloy are selectively
dissolved, leaving behind a sponge-like structure of the more
noble element with a uniform and open porosity. According to
the leaching conditions (e.g., time, temperature, etc.), the size,
shape, and density of the nanopores can be tuned accurately.
Dealloying can be performed either by an electrochemical
approach or by a free corrosion process in highly corrosive
electrolyte (e.g., nitric acid). Although electrochemical deal-
loying allows an accurate monitoring of the etching process, a
huge predilection was shown for the free corrosion approach
due to its simplicity.
Despite the long and rich history of dealloying, the first

evidence for the presence of nanoporosity in dealloyed metal
alloys was reported by Pickering and Swann in the 1960s while

investigating the corrosion of gold alloys using transmission
electron microscopy (TEM).5 Today, the dealloying approach
has become very popular and was employed to synthesize
various nanoporous materials (e.g., Au, Pt, Pd, Cu, etc.) using
different metal alloy precursors including Au−Ag,4,6−26 Au−
Cu,27−31 Au−Al,32,33 Au−Pd−Ag,34 Pt−Cu,35,36 Pt−Fe,37 Cu−
Mn,38 and Pt−Al.39 In addition to the integration of
nanoporous materials in various modern technological
applications such as optical sensors,20,21,40 Li-ion batteries,18

actuators,41 and catalysis,36,42 understanding the fundamental
mechanisms occurring during the dealloying process was
among the main objectives of the studies reported so far in
the literature. The first attempt to explain the dealloying
mechanism was reported in the pioneering work of Forty in the
1970s who explored the dealloying process of Au−Ag alloys in
nitric acid.2,43,44 On the basis of the TEM observation of Au-
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rich islands and silver-rich channels formed during dealloying,
Forty proposed a scenario explaining the generation of porosity
in the Au−Ag alloy as a consequence to the dissolution of silver
in the electrolyte followed by the self-assembly of gold atoms.42

Using an atomistic model, Erlebacher et al. have further
demonstrated that the formation of nanoporosity is due to an
intrinsic dynamical pattern formation process occurring during
dealloying as a consequence of a spinodal decomposition
process taking place at the solid alloy−electrolyte interface.2,45
Several experimental works have followed and validated the
atomistic model proposed by Erlebacher et al. including in situ
X-ray diffraction,29,30,35 focused ion beam nanotomography,39

transmission electron tomography,14 scanning TEM coupled to
electron energy loss spectroscopy,12 and scanning tunneling
microscopy.31 According to these studies,2,3 to obtain uniform
nanoporous gold, the composition and the structure of the Au-
based alloy precursor must satisfy several requirements: (i)
First, to trigger the dissolution process, the content of the less
noble metal within the alloy must be higher than the parting
limit. The parting limit can be defined as the dealloying
threshold for the dissolution of the less noble component from
a homogeneous binary alloy.3 The parting limit varies from an
alloy to another: it is close to 60 at. % of Ag in the case of Au−
Ag2 and about 40 at. % of Cu in the case of Au−Cu.27 (ii) In
addition to its composition, the alloy must exhibit a
homogeneous single phase, since the presence of any possible
phase separation can alter the dealloying process and thus
impact the final structure of the nanoporous Au skeleton.3

Today, the conversion chemistry of Au-based solid alloys
into nanoporous Au has attained enough maturity to start
concentrating the efforts on the integration of this promising
class of materials in practical applications. In this context, the
light is being currently shade on the development of
approaches allowing a simple integration of nanoporous gold
in microdevices. An elegant way to achieve this purpose is by
using thin films technology which was found to be a successful
choice for the development of various devices including solar
cells46 and solid-state microbatteries.47 Several studies have
shown that nanoporous Au thin films can be prepared by
dealloying Au-based alloy precursor thin films.27,28,48 However,
in the case of Au−Cu, which is the system investigated in this
work, the reports were limited only on the AuCu3 phase and no
detailed study on the impact of the composition of the Au−Cu
alloy on the formation of nanoporous Au was reported.27−31

Among the various methods that can be used to deposit the Au-
based thin film alloy precursors stands magnetron cosputtering
which is a simple but efficient approach allowing the
characteristics (e.g., composition, structure, morphology) of
thin films to be controlled precisely over a large scale. However,
since magnetron sputtering is a cold plasma process during
which the deposition of the material occurs far from the
thermodynamic equilibrium, the deposited Au-based alloys may
exhibit a non-homogeneous structure (e.g., coexistence of
different phases) and morphology. In addition, the phase
separation phenomenon occurring at the nanoscale can result
in the formation of a heterogeneous material, such as
nanocomposites49 or multilayers,50 instead of a homogeneous
one. Thus, when using cosputtered Au-based alloy thin films as
precursors for the synthesis of nanoporous gold, their intrinsic
properties (e.g., homogeneity of the alloy and defects within,
structure and morphology of the films) are expected to alter the
dealloying process and thus impact the final porosity of the
films. Here we report on the dealloying effect of Au−Cu alloy

thin films deposited by the cosputtering process at low
temperature (less than 100 °C). Compared to the method
reported by Morrish et al.,27 which consists of the annealing of
Au/Cu stacked layers at high temperature to form the Au−Cu
alloy, cosputtering allows synthesizing various Au−Cu alloy
thin films with various compositions at low temperature not
exceeding 100 °C. We explore the impact of the composition,
the structure, and the morphology of the as-grown thin film
precursors on the dissolution kinetics of Cu as well as on the
final porosity and crystalline structure of the obtained porous
Au thin films. Investigating the alteration of the dealloying
process due to the non-homogeneous structure and morphol-
ogy of the used alloy precursors plays a central role in our
study. More precisely, we focus on the role of defects and
column boundaries on the creation of nanoporosity and how
they generate unusual intermediate etching stages during the
dealloying process.

2. EXPERIMENTAL SECTION
2.1. Deposition of Au−Cu Alloy Thin Films and Dealloying.

The Au−Cu films were deposited by DC cosputtering in pure argon
plasma of Au (diameter, 50.8 mm; purity, 99.99%) and Cu (diameter,
76.2 mm; purity, 99.99%) targets in a cofocal geometry. The distance
between the targets and the substrate was 130 mm. To ensure a
homogeneous deposition over a large surface, the samples were
rotated at a speed of 5 turns/min. Prior to each deposition, a 50 nm Cr
adhesion layer was grown by magnetron sputtering followed by a 20
nm thick layer of pure Au allowing protecting the Cr layer against
oxidation. The deposition of the Au−Cu films was then carried out at a
pressure of 0.5 Pa without any intentional heating of the substrate.
However, under such deposition conditions, the temperature of the
substrate is expected to stay less than 100 °C. For all depositions, the
base pressure was less than 4 × 10−5 Pa. To control the composition of
the films, the electrical power applied to the Cu target was fixed to 300
W, whereas the one applied to the Au target was tuned. Three
electrical powers applied to the Au target were selected, 50, 100, and
150 W, allowing growing films with 16, 24, and 34 at. % of Au,
respectively. For the purpose of comparison, the thickness of all the
films was fixed to about 400 nm. For the scanning electron microscopy
(SEM) analysis, the films were grown on a silicon substrate, whereas
for the X-ray diffraction (XRD) measurements the films were grown
on a glass substrate to avoid any possible reflections originating from
the substrate.

The dealloying of the Au−Cu films was carried out in 70%
concentrated nitric acid (15.7 M) from Sigma-Aldrich at room
temperature. When achieving the desired etching time, the samples are
then immersed in deionized water for several minutes to stop the
dealloying process and remove the residue of nitric acid. As a safety
precaution, all the dealloying experiments were carried out inside a
fume hood to avoid any possible exposure to nitrogen dioxide (NO2)
which is a reddish-brown toxic gas emitted as a consequence of the
reaction between nitric acid and copper.

2.2. Characterization. Plan-view and cross-section scanning
electron microscopy (XSEM) imaging was carried out on a JEOL
JSM 7600 F microscope operating at 5 kV. For cross-section SEM
observations, the samples were cleaved using a diamond tip. The
chemical composition of the films was determined by energy
dispersive X-ray spectroscopy (EDS) performed on a JEOL 5600
microscope operating at 15 kV. For scanning transmission electron
microscopy (STEM), a Cs-probe corrected JEOL ARM-F operated at
200 kV and provided with a Shottky-FEG was used. Imaging was done
using both bright field STEM and high angle annular dark field
(HAADF) STEM modes. Spatially resolved energy-dispersive X-ray
spectroscopy was done with a JEOL EDS-system JED-2300T system
provided with a 50 mm2 light-element-sensitive X-ray detector, a
digital pulse processor for high-speed accumulation, and a Be double
tilt holder. Dynamic signal maps were obtained for Au−M (2−2.3
keV) and Cu−K (7.8−8.1 keV) using a 0.3 keV energy window, a 70
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μm condenser aperture, a pixel step of 2.1 nm, and a pixel time of 10 s.
A hard X-ray aperture of 200 μm was inserted to avoid stray radiation.
The data acquisition was done using Digital Micrograph (DM)
software, and spatial drift correction was applied. Data analysis was
performed with DM and ImageJ software. The STEM specimen was
prepared by mechanical polishing followed by ion milling. For the
structural analysis of the films, XRD measurements were carried out on
a Siemens D5000 X-ray diffractometer in Bragg−Brentano θ−2θ
geometry using the Cu Kα radiation as an incident beam.

3. RESULTS AND DISCUSSION

3.1. Au−Cu Alloy Precursors. The nanoporous Au thin
films were prepared by a free corrosion approach in nitric acid
applied at room temperature to Au−Cu thin film precursors
deposited by magnetron cosputtering (Figure 1). Au−Cu films
with different Au contents were selected for this study: 16, 24,
and 34 at. % of Au. For the three types of samples, pyramidal
grains were observed on the plan-view SEM micrographs
(Figure 2a−c). While the films with 16 (Figure 2d) and 34 at.
% (Figure 2f) show a columnar morphology, the one with 24
at. % of Au (Figure 2e) was found to be highly ductile during
the cleavage before the XSEM observation and thus cannot be
characterized properly. However, according to the structure
zone model of elemental materials deposited by physical vapor
deposition at low pressure and temperature, such films are
expected to exhibit a columnar morphology, similarly to the
two other conditions.51

The crystalline structure of the as-grown Au−Cu films was
probed using XRD (Figure 2g). For films with 16 at. % of Au,
one can identify three peaks located at 2θ values of 40.54,
41.12, and 41.70°, which correspond, respectively, to
AuCu(111) with an ordered tetragonal structure, AuCu(120)
with a disordered orthorhombic structure, and AuCu3(111)
with a cubic structure. A very weak peak at 43.31°, assigned to
the (111) reflection of fcc Cu, indicates the presence of metallic
copper in a very small amount in this type of films. Two peaks
at 42.26 and 42.81° could not be assigned from the XRD
database. For the films containing 24 at. % Au, three peaks
located at 38.32, 40.51, and 40.93° are detected and can be
assigned to the (111) reflection of fcc Au, the (111) reflection
of tetragonal AuCu, and the (1111) reflection of orthorhombic
Au2Cu3, respectively. For this condition, four peaks located at
40, 41.45, 41.94, and 42.44° could not be assigned on the basis
of the XRD database. In the case of films with 34 at. % Au, the
three peaks located at 38.32, 40.5, and 40.9°, identified
previously in the case of the film with 24 at. % of Au, were
also detected. In addition, a peak at 41.70°, which can be
attributed to the (111) reflection of AuCu3 with a cubic phase,
was also detected. Three peaks located at about 39.7, 40.10, and
41.3° could not be identified using the XRD database.
As one can conclude, in the case of the three types of

samples, the XRD analysis reveals peaks which are not listed in
the XRD database. Despite an extensive search in the literature,
we were unable to identify the crystalline phases to which the

Figure 1. Scheme of the two-step fabrication process of nanoporous gold thin films based on the deposition of Au−Cu alloy followed by wet etching
in nitric acid.

Figure 2. Plan-view (a−c) and cross-section (d−f) SEM micrographs of the as-grown Au−Cu thin films with a Au content of 16 at. % (a, d), 24 at. %
(b, e), and 34 at. % (c, f). Scale bar: 100 nm. (g) X-ray diffraction patterns recorded on Au−Cu with different Au contents. The question marks in
panel g represent the unidentified crystalline phases. The XRD patterns were indexed from the database: Au (JCPDS 03-065-2870), ordered
tetragonal AuCu (JCPDS 00-025-1220), disordered orthorhomic AuCu (JCPDS 00-038-0741), AuCu3 (JCPDS 03-065-3249), and Cu (JCPDS 00-
004-0836).
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detected peaks can be attributed. Most probably, these peaks
may originate from some crystalline nonstoichiometric AuxCuy
phases present within the alloy. These phases may exhibit
shifted peaks with respect to the stoichiometric ones. The
presence of a local stress within the alloy due to the lattice
mismatch between the different AuxCuy phases is also an
additional reason amplifying the shift in position of the
diffraction peaks. Since one AuxCuy phase may exhibit multiple
diffraction peaks that can overlap with the ones originating
from the other phases due to the shift in position, assigning
these unindentified diffraction peaks based only on the
experimental data is far from being obvious. A theoretical
crystallographic simulation, which can be the subject of a
forthcoming study, is required to clearly understand the
unknown origins of these peaks.
3.2. Dealloying and Generation of Nanoporosity.

When placing copper in nitric acid, copper oxidizes to Cu2+

according to eq 1 and HNO3 reduces into nitrogen dioxide gas:

→ ++ −Cu Cu 2e0 2 (1)

To monitor the dissolution kinetics of Cu upon immersion of
the Au−Cu films in nitric acid, ex situ EDS was employed.
Whatever the dealloying time, for all the experiments, no
oxygen was detected by EDS, indicating that the samples are
free of copper-based precipitations such as copper nitrate and
copper oxide. Knowing the initial Cu content within the film
(%Cut0) as well as the one after a specific etching time (%Cut)
determined by EDS, one can easily calculate the fraction of Cu
dissolved in nitric acid as follows:

=
−

×Dissolved Cu (%)
%Cu %Cu

%Cu
100t t

t

0

0 (2)

For the three types of film (i.e., 16, 24, and 34 at. % of initial Au
content) considered in this study, the dissolved amount of Cu
in nitric acid increases as the dealloying process progresses in
time (Figure 3). For films with an initial Au content of 16 at. %,

Cu dissolves rapidly during the early stage of etching, since
more than 60% of Cu is removed from the films during the first
30 s of exposure to nitric acid. This result reflects the very fast
dissolution kinetics of Cu under such conditions. Between 5
and 60 min, the dissolution kinetics of Cu becomes much
slower. Removing the entire Cu residue from the films,

however, requires a very long dealloying time of up to 300 min.
For films with initial Au content higher than 24 at. %, the
dissolution kinetics of Cu is found to be much slower compared
to the previous condition. In addition, an etching time of 300
min is found to be not sufficient to entirely remove the Cu
residue from the films. The observed decrease in the dissolution
kinetics is probably related to the local passivation of the
surface of the alloy by Au clusters formed during the etching
process as a consequence of the surface migration and
coalescence of the less coordinated Au atoms.2,3 This surface
passivation effect is expected to become more important when
the initial amount of Au within the alloy becomes higher.2,3

The morphological evolution of the films was monitored for
different dealloying times using SEM (Figure 4). As expected,
for all the films, the porosity becomes more important as the
dealloying time is increased. For films with an initial Au content
of 16 at. %, after 0.5 min of dealloying, very small pores and
cracks appear on the surface. After 5 min of etching, these pores
expand and become interconnected. The pore size becomes
larger for an etching time of 25 min. The formation of a
network of nested ligaments can be remarked after 60 min of
dealloying. It can be noticed that increasing the dealloying time
to 300 min results in the increase of the mean diameter of the
formed ligaments. The films with an initial Au content of 24 at.
% show a very similar morphological evolution with a reduced
kinetics during the first 5 min. Interconnected ligaments form
after 60 min of dealloying, and they become larger after 300
min of etching. While the first two conditions were very similar,
the films with an initial Au content of 34 at. % show a different
morphological evolution. Between 0.5 and 5 min of etching, the
surface of the films is constituted of grains and no pores are
identified. Compared to samples before etching (Figure 2c and
f), the films look less dense and less homogeneous, meaning
that the surface of the films was subjected to a very slow
dissolution process. When reaching 25 min, nanopores start
forming and they become larger with increasing dealloying
time. Contrary to the films with initial Au contents of 16 and 24
at. %, for this condition, no ligaments were formed for longer
dealloying durations.
To build a full picture of the formed three-dimensional

nanoporosity, XSEM analyses were also performed (Figure 5).
For films with an initial Au content of 16 at. %, after 0.5 min of
etching in nitric acid, periodic and discontinuous layers form
but can be hardly identified on the XSEM micrograph (Figure 5
and Figure S1, Supporting Information). For 5 min of
dealloying, the formed layers disappear and the morphology
of the film becomes granular. When reaching 25 min, the film
becomes constituted of ligaments oriented perpendicularly to
the substrate surface. The diameter of the formed ligaments
increases as the dealloying time increases. A surprising
evolution was observed in the case of films with an initial Au
content of 24 at. %. For an etching time of 0.5 min, three thin
layers form on the extreme surface of the film. Increasing the
etching time to 5 min results in the formation of periodic
nanolayers extended over the entire thickness of the film. In
addition to the fact that under such conditions the multilayer
structure is clearly visible, compared to the previous condition
(i.e., 16 at. % of Au), the formation kinetics of such periodic
nanolayers is much slower. Increasing the dealloying time to 25
min results in the extinction of the nanolayers and the resulting
morphology consists of vertically oriented ligaments. The
formed ligaments become thicker as the dealloying time
increases. For a short etching time (up to 5 min), the film

Figure 3. Evolution of the dissolved amount of Cu as a function of the
dealloying time in nitric acid.
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with 34 at. % of Au shows no remarkable morphological
changes. For 25 min of dealloying, continuous pores form
perpendicularly to the substrate surface. This morphology is
very different from those observed for the previous conditions
(i.e., 16 and 24 at. %) where ligaments were formed at this stage
of etching. Furthermore, we can also notice that increasing the
etching time leads to an increase in the diameter of the pores.
To compare the evolution of the pore size for the three types

of samples as a function of the dealloying time, we conducted a

statistical study on several plan-view SEM micrographs
recorded on each sample (Figure 6a). For the three conditions,
we can notice a very similar increase in the pore size from 10 to
75 nm as the dealloying time is increased. This result indicates
that the lateral pore size is almost unaffected by the initial Au
content within the films. On the other hand, we were not able
to evaluate precisely the vertical size of the pores for the
different conditions using the XSEM micrographs due to the
formation of ligaments instead of pores under many etching

Figure 4. Plan-view SEM micrographs showing the impact of the dealloying time on the morphology of Au−Cu films with three different initial Au
contents. Scale bar: 100 nm.

Figure 5. XSEM micrographs showing the impact of the dealloying time on the morphology of Au−Cu films with three different initial Au contents.
Scale bar: 100 nm.
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conditions. However, we have remarked that, when the
nanopores can be clearly identified (i.e., thin films with an
initial Au content of 34 at. %), their vertical sizes are found to
be larger than their lateral ones. Such shape elongation reflects
the presence of a strong anisotropic etching taking place during
the dealloying process along the vertical direction.
The evolution of the thickness of the films as a function of

the dealloying time was also determined from the XSEM
micrographs. A parameter α can be defined as follows:

α =
−

×
d d

d
(%) 100t 0

0 (3)

Here, d0 and dt stand for the thickness of the films before and
after an etching time t, respectively. The parameter α reflects
the change in percent of the thickness after dealloying where a
negative (positive) value represents a drop (increase) in
thickness with respect to the thickness of the as-grown films
(i.e., thickness before dealloying). For the three samples,

Figure 6. Chronological evolution of (a) the pore size and (b) the thickness of the films (in percent) as a function of the dealloying time for films
with 16 (□), 24 (△), and 34 (○) at. % of initial Au content. A log scale is used for the x axis of panel b.

Figure 7. X-ray diffraction patterns recorded on Au−Cu films with an initial Au content of (a) 16 at. %, (b) 24 at. %, and (c) 34 at. %. (d) Evolution
of the Au crystallite size and (e) the maximum of the Au(111) peak intensity as a function of the dealloying time.
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according to the evolution of α, three different regimes can be
identified (Figure 6b). In the first regime, ranging between 0
and 10 min, α is negative and it decreases as the dealloying time
is increased, indicating a decrease in thickness with respect to
the initial thickness of the film. In the second regime between
10 and 60 min, α increases with the dealloying time. This
means that the thickness of the films undergoes an increase
after the drop in thickness observed in the first regime. It can be
remarked that the increase of α in the second regime becomes
more significant as increasing the initial Au content within the
films. In the case of the films with an initial Au content of 16
and 24 at. %, although α increases in the second regime, its
value stays negative, meaning that the thickness remains inferior
to the one of the as-grown film. On the other hand, for the
films with an initial Au content of 34 at. %, α increases until
reaching positive values, indicating that, at this stage of
dealloying, the thickness of the porous film becomes higher
than the initial thickness before dealloying. When reaching 60
min, α enters in the third regime where it becomes almost
constant for a further increase in the dealloying time. The
stability in thickness can be correlated to the dissolution
kinetics of Cu which becomes limited and slower within this
range of etching time (see Figure 3).
3.3. Crystalline Structure of the Nanoporous Films. To

follow the evolution of the crystalline phases forming during
the dealloying process, ex situ XRD was carried out in a
systematic manner on all the samples after each dealloying step.
As it can be noticed in Figure 7a, for the sample with an initial
Au content of 16 at. %, after 0.5 min of etching in nitric acid,
the peaks assigned to the different Au−Cu alloys (i.e., AuCu3,
AuCu, Au2Cu3) disappear and only the peak of Au(111) is

detected. A further increase in the dealloying time induces an
increase in intensity of this peak, reflecting an increase in the
overall quantity of the formed Au nanocrystallites exhibiting a
preferential crystal orientation along the (111) axis. This result
is consistent with the ones reported by Morrish et al., who also
observed the same preferential orientation while studying the
dealloying effect of the Au−Cu system.27 The increase in
intensity is accompanied by the appearance of a new peak at
44.38° which corresponds to the (200) reflection of fcc Au.
After 25 min of dealloying, we can identify two other peaks at
64.54 and 77.52° which can be assigned to the (220) and (311)
crystalline planes of fcc Au. For the sample with an initial Au
content of 24 at. % (Figure 7b), a short etching time induces a
change in peak intensity of Au(111) located at 38.18° and a
decrease in intensity of all the peaks located between 40.02 and
42.44° previously assigned to the different phases of Au−Cu
alloys. After 60 min of etching, the (200) and (220) peaks of
fcc Au are also detected. In addition to these peaks, a peak
assigned to the Au(311) is observed for an etching time
between 180 and 300 min. For an initial Au content of 34 at. %,
an increase in intensity of the Au(111) and an attenuation of
the peaks located between 40.13 and 41.73°, attributed to the
different phases of the Au−Cu alloys, can be noticed (Figure
7c). In the case of this sample, even for a long dealloying time
of 300 min, a peak at 40.87°, corresponding to the Au2Cu3
phase, remains present.
On the basis of the XRD results, one can conclude that, as

the initial Au content increases, the suppression of the Au−Cu
alloy phases present within the as-grown films becomes harder.
This is consistent with the EDS results presented previously
which have shown that the dissolution kinetics of Cu decreases

Figure 8. (a) Bright-field and (b) high angle annular dark field (HAADF) STEM micrographs recorded on an as-grown Au−Cu thin film with 24 at.
% of Au. (c) Magnified HAADF micrograph showing the area analyzed by STEM-EDS. (d) Color coded Au−M EDS-dynamic map corresponding
to 2−2.3 keV. (e) Color coded Cu−K EDS-dynamic map corresponding to 7.9−8.1 keV. (f) Overlaid RGB image of the Au−M and Cu−K EDS
dynamic maps. (g) Cu/Au ratio corresponding to a line scan on the EDS mapping. White scale bar, 100 nm; black scale bar, 5 nm.
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when increasing the initial Au content within the films. Since
the Au(111) peak becomes sharper and more intense, it can
also be concluded that the size and the amount of the Au
crystallites formed during the dealloying process increase
during dealloying. To support this conclusion, the Au crystallite
size was evaluated using the Debye−Scherrer method applied
to the Au(111) peak. As expected, for the three samples, the Au
crystallite size is found to increase with the dealloying time
(Figure 7d). The three used precursor alloys show very similar
results in terms of data point values and trends. This is a direct
proof that the initial compositions of the Au−Cu alloy do not
impact the final crystallite size. This is probably related to the
fact that the formation of the Au crystallite depends on the
surface diffusivity of the Au adatoms at the solid alloy−
electrolyte interface which is mainly influenced by the
dealloying temperature.7 The maximum of the Au(111) peak
intensity is found to increase with increasing dealloying time,
reflecting the increase of the volume of the Au crystallites
oriented along the [111] axis and formed during etching
(Figure 7e). We can also notice that, for a dealloying time
higher than 25 min, the intensity becomes more important as
the initial Au content is increased within the alloy precursor.
This means that, as the initial Au content within the alloy
precursor increases, the amount of the Au crystallites formed
after a specific dealloying time becomes more important.
3.4. Periodic Nanolayers. To understand the formation of

periodic nanolayers observed in the case of films with an initial
Au content of 24 at. % and dealloyed for 5 min, it is important
to know the intrinsic characteristics of the film precursor used.
For this purpose, a structural investigation of the alloy
precursor was carried out using STEM. The bright field
STEM micrograph recorded on the film precursor reveals the
presence of periodic nanolayers (20 nm in periodicity) with an
alternate contrast (Figure 8a). Thus, the multilayered porous
structure observed after 5 min of dealloying using XSEM is
related to the intrinsic characteristic of the as-grown alloy
precursor. It can also be remarked that the film has a columnar
morphology where each column is formed of periodic
nanolayers (Figure S2, Supporting Information). The
HAADF-STEM imaging (Figure 8b), which is a technique
strongly sensitive to compositional variation (Z-contrast
image), demonstrates that the dark and bright layers have
different chemical compositions: the dark layers are expected to
be Au-poor (i.e., Cu-rich) and the bright ones are Au-rich (i.e.,
Cu-poor). This chemical variation is further confirmed on a set
of nanolayers (Figure 8c) using STEM-EDS dynamic mapping
(Figure 8d−f). The Cu/Au ratio is found to vary between 1 and
1.2 when going from a bright to a dark layer corresponding to a
variation in the chemical composition of up to 20%. The origin
of the multilayered structure is most probably related to the
sample rotation applied during the cosputter deposition. One
comes to such a conclusion due to the presence of a
relationship between the number of formed layers and the
one of rotations applied to the sample during deposition.
Considering a deposition time of 5 min as well as a rotation
speed of 5 turns/min, the number of rotations can be estimated
to about 25 turns. If each rotation results in the formation of
two nanolayers, one Au-rich (sample position close to the Au
target) and another Au-poor (sample position close to the Cu
target), the expected number of the formed layers is 50. The
fact that this value is the same as the one deduced from the
STEM micrograph of the as-grown Au−Cu film proves that the
observed multilayered structure is an artifact originating from

the rotation applied to the samples during deposition. To
further support this conclusion, we have grown films at
different rotation speeds (5, 2.5, 1, and 0 turns/min) while
keeping the deposition time fixed to 5 min. As it can be seen in
the XSEM micrographs (Figure 9), the morphology of these
films dealloyed for 5 min evolves as a function of the rotation
speed. While the number of the formed nanolayers decreases
with decreasing rotation speed, their thickness is found to
increase. Furthermore, the film grown in the static mode (i.e.,
without rotation) does not show the multilayered structure

Figure 9. XSEM micrographs of Au−Cu films with an initial Au
content of 24 at. % after dealloying for 5 min. For all the samples, the
deposition time was fixed to 5 min and the rotation speed was varied:
(a) 5 turns/min, (b) 2.5 turns/min, (c) 1 turn/min, and (d) 0 turns/
min. Scale bar: 100 nm.
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observed previously (Figure 9d). This result supports our
supposition explaining the formation of multilayers as a
consequence of the sample rotation during the cosputter
deposition.
While examining the films with such multilyared structure

obtained after dealloying, we remarked that an anisotropic
etching mechanism is taking place during dealloying due to
defects (Figure 10). This type of defects was identified in the
films before dealloying, and they can be described as columns
separated from the rest of the film. The large gap present
between the columns and the rest of the film plays the role of
channels for the quick penetration of nitric acid. After 0.5 min
of dealloying, while the column has already exhibited a
multilayered structure over its entire body, an unpronounced
multilayered structure appears over the walls of the film
surrounding the column (Figure 10a). This result indicates that
the etching process of the column is faster than the one of the
walls of the film. This is probably related to the fact that a
column is symmetrically surrounded by nitric acid in a three-
dimensional manner (Figure 10b) which is expected to amplify
the dissolution of Cu from the alloy. For 1 min of dealloying,
one can clearly see the lateral propagation of nitric acid though
the film occurring as a consequence to the penetration of nitric

acid through the channels present around the column (Figure
10c). It can be seen that the lateral etching is faster close to the
surface of the film and becomes slower when approaching the
substrate. This effect can be related to the geometry of the
channels, since they are broad at the region close to the surface
of the film, allowing a large amount of nitric acid to penetrate
quickly at the beginning, and then they become tighter when
approaching the substrate which reduces both the propagation
kinetics and the amount of nitric acid. As a consequence, the
lateral etching rate close to the substrate is lower than the one
close to the surface of the film. Increasing the dealloying time
to 5 min results in the formation of multilayered structures over
the entire thickness neighboring the column (Figure 10d). In
the case of such samples, the columns were not observed by
XSEM, supposing their probable delamination either during
dealloying or during the cleavage of the sample for the XSEM
observation.
On the basis of the previous observations, a scenario can be

proposed to explain the transformation of the film’s structure
from multilayered to nanoporous while taking into account the
role of defects and column boundaries (Figure 11). Contrary to
homogeneous alloys, in the case of a multilayered structure, two
etching modes of Cu occur simultaneously: (i) vertical (i.e.,

Figure 10. SEM micrographs and the corresponding schemes illustrating the lateral etching mechanism occurring near a column for different
dealloying times: (a, b) 0.5 min, (c) 1 min, and (d) 5 min. The initial Au content of the used Au−Cu film precursor is 24 at. %. The black arrows
used in the schemes illustrate the propagation paths of nitric acid, whereas the red and yellow color represents copper and gold, respectively. Scale
bar: 100 nm.

Figure 11. Two etching modes explaining the dealloying process of the multilayered Au−Cu thin films: (a) vertical and (b) lateral etching modes.
The red and yellow color represents copper and gold, respectively.
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perpendicular to the substrate surface) (Figure 11a) and (ii)
lateral (i.e., parallel to the substrate surface) (Figure 11b). In
the first mode, a layer-by-layer etching process occurs, since
nitric acid is considered to propagate perpendicularly to the
surface through the bulk of the film transforming a layer after
another from solid to porous (Figure 11a). This mode alone
does not allow obtaining the nanolayered and porous structure
observed previously after 5 min of dealloying, since the
perpendicular propagation of nitric acid through the material
requires the complete transformation of a layer after another
from solid to nanoporous. In the second mode (Figure 11b),
which is the dominant mode in the case of a multilayered
structure, defects and column boundaries play a central role,
since they act as “empty” channels for the fast penetration and
spreading of nitric acid within the film. As a consequence, all
the layers forming the film undergo a simultaneous lateral
etching. Since the dissolution of Cu from an Au-poor alloy is
faster than in the case of an Au-rich one, the Au-poor layers are
almost completely etched before the Au-rich ones are even
partially etched (Figure 11b (2 and 3)). The less-coordinated
Au adatoms generated during dealloying of the Au-poor layers
tend to diffuse and aggregate together, leading to the formation
of pillars soldering together the Au-rich layers and preventing
them against collapsing (Figure 11b (4)). It is important to
mention here that the distance separating two adjacent pillars is
about 70 nm (Figure S2d, Supporting Information), which is
quite close to the mean diameter of the columns forming the
films before dealloying (Figure S2b, Supporting Information).
As the dealloying progresses in time, the Au-rich layers become
also porous, resulting in the transformation of the multilayered
structure into a nanoporous one (Figure 11b (5)). The
collapsing of the multilayered structure due to the generation of
strains during the corrosion process has also a non-negligible
role in the transformation process of the multilayered structure
into a nanoporous one.34,35,52

4. CONCLUSIONS
In conclusion, a two-step approach has been developed to
fabricate nanoporous gold thin films with a sponge-like
structure at low temperature not exceeding 100 °C. This
approach is based on a free-corrosion process in nitric acid
applied to cosputtered Au−Cu thin films. The dissolution
kinetics of Cu during the dealloying process was found to
decrease with increasing initial Au content within the films. By
adjusting the initial composition of the Au−Cu film precursors
as well as the dealloying time, the pore size can be tuned
between 10 and 75 nm. In addition to the evolution of the pore
size, the crystalline structure of the nanoporous Au films was
also found to evolve as a function of the dealloying time: the
size and the amount of the Au crystallites increase with
increasing dealloying time.
We further demonstrate that the dealloying process can also

be applied to nonhomogenous Au−Cu films consisting of
periodic nanolayers alternately rich and poor in gold. The
thickness and the number of the layers can be controlled by
simply adjusting the rotation speed applied during the
cosputter deposition of the Au−Cu films. In the case of such
nonhomogenous Au−Cu films, the nitric acid was found to
attack laterally (i.e., parallel to the film surface) the films rather
than perpendicularly (i.e., perpendicular to the film surface). As
a consequence, after 5 min of dealloying, the Au-poor layers
were simultaneously etched preferentially and transformed into
Au pillars holding the Au-rich layers and preventing them

against collapsing. The lateral etching mechanism was related to
the presence of defects (e.g., pinholes) and column boundaries
in the films which act as channels promoting the propagation of
nitric acid through the film. From a fundamental point of view,
this result is of particular interest, since we demonstrated for
the first time that, thanks to defects present within the alloy
precursor, the fabrication of nanoporous gold using the
dealloying process does not require a homogeneous precursor
alloy.
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Dealloying of Platinum-Aluminum Thin Films: Dynamics of Pattern
Formation. Phys. Rev. Lett. 2011, 107, 225503.
(40) Feng, J.; Wu, J. Nanoporous Gold Channel with Attached DNA
Nanolock for Drug Screening. Small 2012, 8, 3786−3790.
(41) Biener, J.; Wittstock, A.; Zepeda-Ruiz, L. A.; Biener, M. M.;
Zielasek, V.; Kramer, D.; Viswanath, R. N.; Weissmuller, J.; Baumer,
M.; Hamza, A. V. Surface-Chemistry-Driven Actuation in Nanoporous
Gold. Nat. Mater. 2009, 8, 47−51.
(42) Wittstock, A.; Zielasek, V.; Biener, J.; Friend, C. M.; Baümer, M.
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