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a b s t r a c t

A galvanostatic dealloying method, wherein the material removal rate is directly controlled, is proposed
for fabrication of constrained crack-free nanoporous gold (NPG) films. Uniform, three-dimensional, crack-
free, blanket NPG films are fabricated by this method from both low and high Au concentration precursor
alloys up to 1300 nm thickness, which cannot be obtained by other methods. Ag dissolution rate proved to
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be critical in maintaining the film stress below the threshold value at which cracks develop. The findings
contribute to understanding the formation mechanisms of NPG films.

© 2011 Elsevier B.V. All rights reserved.
otentiostatic
hin film

. Introduction

Nanoporous gold (NPG) is a bicontinuous network of ligaments
nd pores with sizes varying from 3 to 30 nm [1,2]. With a sur-
ace area to mass ratio from 10 m2/g [3] to 150 m2/g [4] and an
xcellent chemical stability, NPG films are promising candidates
o serve as the functionalized layer of MEMS devices. Recent stud-
es on the behavior of NPG upon electric charging of the surface
how that NPG is an effective platform to convert capillary forces
o macroscopic displacements leading to applications as sensors
5] and actuators [6–8]. A significantly higher density of atomic
tep edges on NPG compared to bulk gold makes NPG good cat-
lysts for O2 reduction in fuel cells [9] and in gas phase catalysis
f methanol oxidation [10]. They are effective as biological plat-
orms with respect to their low electrode–electrolyte impedance,
hich provides a superior signal to noise ratio for detection of
eural activity [11]. In addition, the optical properties of NPG
re significantly different than that of bulk gold. Since the pore
ize is usually much smaller than the wavelength of visible light,
hich is between 400 nm and 700 nm, significant surface plas-

on resonance (SPR) can be achieved [12]. NPG is also a suitable
aterial for tunable surface-enhanced Raman spectroscopy (SERS)

13,14]. Finally, methods to fabricate crack-free NPG have only been
ecently developed [15–18]. Most are intended for the fabrication
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of NPG in bulk form, although some are intended for NPG thin films
deposited onto silicon substrates. It is clear that robust fabrication
techniques of NPG in thin film form on substrates are necessary if
NPG is to fulfill its promise in its diverse application areas, especially
in micro-electro-mechanical systems (MEMS).

In principle, NPG films are fabricated by selective dissolution
of the less noble element in a binary solid solution alloy, typically
an Au–Ag alloy, that has complete solid solubility of the two ele-
ments. Selective removal of the Ag atoms is realized either by free
corrosion [19] or by dealloying with an electrochemical cell [20].
Both methods provide crack-free NPG materials from precursor
alloys in the form of unconstrained thin leafs [1,21] and millimeter
scale ingots [22,23]. Senior and Newman [24] used a potentio-
static (i.e. potential-controlled) electrochemical dealloying method
in an HCLO4 electrolyte and observed the occurrence of cracking on
100 �m thick Au–Ag sheets upon a step application of the potential.
They reported improvements in NPG quality at higher tempera-
tures and attributed it to enhanced surface diffusion of Au during
dealloying. At lower potential values, they found the occurrence
of cracking to be reduced and attributed the reduction to a lower
Ag removal rate and a longer total dealloying time, which permits
more time for Au surface diffusion to occur. A multi-step dealloying
process introduced by Sun et al. [15] limits volume contraction and
crack formation in bulk NPG. In addition, both potentiostatic and

galvanostatic (i.e current-controlled) methods have been used to
dealloy nickel-based superalloys in bulk form [25].

The dealloying of precursor alloy films constrained to a sub-
strate has proven more challenging. Very thin (45–80 nm) alloy
films deposited onto silicon substrates are successfully dealloyed

dx.doi.org/10.1016/j.jallcom.2011.02.115
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:oo2128@columbia.edu
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Fig. 1. Schematic representation of sample preparation: (a) sputtering of Cr and
Au; (b) spin coating of the photoresist; (c) exposure through a photomask; (d)
developing; (e) sputtering of Au–Ag alloy; (f) lift off; and, (g) dealloying.
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y free corrosion in concentrated nitric acid, which leads to
rack-free blanket NPG films [14,16]. However, minor cracking is
requently reported during dealloying by free corrosion for thicker
250–400 nm) constrained precursor alloy films with compositions
round 32 at.% Au [14]. Another method to fabricate crack-free NPG
n free-standing beams is to induce thermal buckling prior to deal-
oying [26]. Finally, the occurrence of cracks in blanket NPG thin
lms of 250 nm thickness is significantly reduced with a potentio-
tatic method by application of the potential as a ramp function
ather than a step function [17,18] using a three-electrode electro-
hemical cell.

Thus it has been shown that the propensity for cracking in NPG
hin films is controlled by the competition between the rate of
tress increase due to removal of the Ag atoms and the rate of stress
elief from surface diffusion of Au. In free corrosion and in poten-
iostatic electrochemical dealloying, the rate of Ag removal is not
ontrolled directly and varies significantly during the process. For
he potentiostatic method, the rate of Ag removal reaches a max-
mum value after a critical potential value is exceeded and then
ecreases rapidly throughout the remainder of the dealloying pro-
ess, irrespective of whether the potential is applied as a step or
s a ramp [18]. The elevated Ag removal rate increases the risk of
racking.

In this study, a galvanostatic dealloying method using a three-
lectrode electrochemical cell is presented, in which the areal
urrent density—and hence the Ag removal rate—is precisely con-
rolled throughout the course of dealloying. Crack-free, blanket,
PG thin films are fabricated using this method that are signifi-
antly thicker than can be obtained by either free corrosion or by
otentiostatic methods.

. Experiment

Prior to deposition of the precursor alloy film, the silicon substrates are cleaned
n acetone (Phramco-Aaper) in a sonicator for 5 min, then rinsed with isopropanol
99.8% pure Pharmco-Aaper), and finally baked at 150 ◦C on a hot plate for 10 min.
dhesion layers of 7 nm Cr and 30 nm Au are deposited by sputtering, at a base
ressure of 2 × 10−6 Torr of Ar, in a vacuum deposition system (Kurt J. Lesker PVD
5).

Precise measurement of the areal current density during dealloying is critical in
his study; thus the test specimens are designed to incorporate a precisely dimen-
ioned area of the precursor Au/Ag alloy on the underlying Au film, Cr film and
afer. The Au layer serves two purposes: as a barrier to isolate the underlying
r film from the electrolyte to prevent delamination; and, as a conductive layer
o transmit current to the alloy during electrochemical dealloying. The regions of
he Au/Ag precursor alloy are prepared using photolithography as demonstrated in
ig. 1. After deposition of the adhesion layers, the specimens are spin coated with
OR 3A (MicroChem Inc.) resist and then with Microposit S1813 (Shipley Company)
hotoresist. The LOR 3A is applied at different thicknesses ranging from 250 nm to
00 nm, depending on alloy film thickness; the photoresist layer is 1800 nm. The
esist bilayer (cf. Fig. 1b) improves the integrity of the patterns during the lift off
cf. Fig. 1f). The samples are then exposed using either a Heidelberg � PG 101 laser
riter or a Süss MicroTec MJB3 Mask Aligner (cf. Fig. 1c). The sample pattern to

e dealloyed is comprised of a rectangular region with an area that ranges from
mm2 to 16 mm2 along with a smaller area to be kept unexposed to the electrolyte

n the further fabrication steps in order to preserve a sample of the original precur-
or alloy. The samples are then placed in the sputter deposition system and coated
ith the alloy of the desired composition using simultaneous sputter deposition of

he Au and Ag. The grain size of the precursor alloy is about 40 nm for the 250 nm
hick films and about 150 nm for the 1300 nm thick films. The resist is then removed
sing NANOTM Remover PG (MicroChem Corp.), leaving behind precisely patterned
ectangular islands of Au/Ag alloy on an Au coated surface (cf. Fig. 1f). The pho-
olithography methods used to pattern the surface provide dimensional accuracy of
he order of micrometers.

The precursor Au/Ag alloy films are dealloyed using a three-electrode electro-
hemical cell, with a Pt counter electrode and an Ag/AgCl reference electrode (cf.
ig. 2). A potentiostat (�Autolab® Type III/FRA2) is used to control either the poten-
ial or the current. Herein, potentials are reported versus the reference electrode

0.200 V versus SHE). Aqueous perchloric acid (0.7 M) at 60 ◦C is used as the elec-
rolyte. A 2 cm2 platinum electrode mesh is used as the counter electrode, which
s placed at a distance of 10 mm from the alloy film surface. Areal current density
alues are calculated based on the measured current history normalized by the pro-
ected area of the patterned Au/Ag island onto the substrate. Process parameters are
hosen such that the potential remains below the oxidation potential of the Au so
Fig. 2. Schematic representation of three-electrode electrochemical cell.

that Au is not removed from the film; thus essentially all current in the electrolyte
can be attributed to Ag ions. After dealloying, the NPG films are cleaned with deion-
ized water and blown dry by nitrogen. The films are imaged using a Hitachi 4700
Scanning Electron Microscope (SEM) at a working distance of around 8 mm, with an
acceleration voltage of 10 kV and a beam current of 10 �A.

3. Background

The models in the literature [23,27,28] concerning dealloying
mechanisms, the stress in NPG, as well as NPG shrinkage mainly

address dealloying of unconstrained thin sheets and bulk metals
that are relatively free to contract. Many of the dealloying proce-
dures in the literature have a time scale of several hours (e.g. [23]),
whereas in the present study the dealloying time is on the order
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the current density is controlled to be a constant value between
1 and 10 mA/cm2 throughout the dealloying process; an example
of dealloying at a constant current density of 2.5 mA/cm2 is shown
in Fig. 3a for a precursor film of 30 at.% Au with initial thickness
of 250 nm. The corresponding potential at any instant is a function
376 O. Okman, J.W. Kysar / Journal of Allo

f several seconds to a few minutes. Furthermore the grain sizes of
ome NPG in the literature (e.g. [23]) are many tens of microme-
ers whereas the grain size in the as-deposited films of the present
tudy ranges from 40 nm to 150 nm. As a consequence, diffusion
ay play a much more important role in the present fabrication
ethods than in the other fabrication methods. Thus it is difficult

o make a direct comparison of the present experimental results
ith existing models in the literature or with other fabrication pro-

edures because of the high grain boundary surface area associated
he much smaller grain size in the thin films of the present study
s compared to grain sizes of precursor alloys of other studies.

During the dealloying process, Ag removal from the precursor
lloy is accompanied by a significant shrinkage of up to 30% of the
otal volume if the material is unconstrained [23]. If the precursor
lloy film is constrained to a substrate, it cannot reduce its in-plane
imensions significantly so an internal tensile stress is induced in
he film [24]. On the other hand, the spinodal decomposition-based
volution of the nanoporous structure [29] involves diffusion of the
u on the film surface. In terms of the evolution of the film stress,

he dealloying procedure involves two competing mechanisms: the
ate of stress build-up due to removal of Ag from a precursor alloy
onstrained to a substrate and the rate of stress relief due to diffu-
ion of the Au that could lead to a Coble creep type of mechanism.
hus, an effective way to prevent crack formation is to control the
ate of Ag removal during dealloying so that the contribution of
urface diffusion to stress relief can maintain the stress and hence,
he strain energy density, below the threshold for fracture.

For a constrained precursor alloy, a tensile stress develops in the
PG film because the value of strain, ε = �L/L, must remain very

mall. An upper bound for the mean biaxial stress, �m, in the NPG
lm is �m ≤ Mfεunc, where Mf is the biaxial modulus of the NPG
efined as Mf = Ef/(1 − �f), and εunc is the strain in an unconstrained
lm; here Ef is Young’s modulus and �f is Poisson’s ratio of the
PG film. The high strain energy densities that would result from
εunc of 10% (that corresponds to a 30 vol% reduction) would cer-

ainly cause the film to fracture, especially since NPG is known to
xhibit macroscopic brittleness [30,31]. The actual value of �m that
evelops in the constrained films upon dealloying is related to the
L/L that occurs during constrained dealloying, here called εcon.

learly then εcon = �m/Mf. The value of �m can be as high as 90 MPa
16], which corresponds to a value of εcon up to 0.008 based upon
f = 8.8 GPa [32] and assuming a Poisson’s ratio of �f = 0.2 [21]. This
s consistent with a residual stress of 65 MPa measured in Lee et al.
32].

In potentiostatic dealloying, the electric potential (i.e voltage)
s controlled throughout the dealloying process and the electric
urrent adopts a value determined by the potential and the electro-
hemical circuit [1,17,18,24]. The rate at which Ag is removed from
he alloy film on the anode of the electrochemical cell is directly
elated to the electric current. A previous study on potentiostatic
ealloying of NPG films [18] reported that for a potential of 1.2 V
pplied as a step function, the current density is initially as high
s 400 mA/cm2 and reduces to a value two orders of magnitude
maller as the dealloying continues. A qualitatively different cur-
ent density history is seen if the potential is applied as a ramp
ather than as a step. As the potential during the ramp exceeds the
quilibrium potential, i.e. the open circuit potential of the cell, Ag
toms on the surface of the alloy film are dissolved in small amounts
esulting in a small current density that increases with the applied
otential. A peak in the Ag dissolution rate is observed when the
otential exceeds the critical potential, �c [33]. For the specific case
n Okman et al. [18], the maximum current density during ramped
pplication of the potential is about 14 mA/cm2 (which occurs at
potential of about 1 V) and then reduces rapidly due to deple-

ion of the Ag in the remaining precursor alloy to a value of about
mA/cm2. Thus, the Ag dissolution rate is temporally highly non-
Compounds 509 (2011) 6374–6381

uniform for both potential-controlled schemes. Nevertheless, for
the same maximum potential value reached in the process, the
ramped potential leads to a significantly lower maximum Ag dis-
solution rate than does the stepped potential scheme. Any increase
in Ag dissolution rate is expected to be accompanied by a concomi-
tant elevation of the stress level, so the ramped potential scheme
is expected to yield better quality NPG thin films constrained to a
substrate than the stepped potential scheme, as is borne out by the
experimental results in Okman et al. [18].

4. Results

The main motivation for development of galvanostatic dealloy-
ing is to control the precise Ag dissolution rate throughout the
dealloying process. With this method, the applied potential is reg-
ulated by a potentiostat to maintain a constant current density
during dissolution of Ag from the precursor alloy and the atten-
dant morphological changes that occur (cf. Fig. 3a). In this study,
Fig. 3. NPG thin film fabricated from dealloying at constant current density of
2.5 mA/cm2 from a precursor alloy film of 30 at.% Au: (a) variation of potential in
galvanostatic dealloying; (b) surface of the NPG film; and, (c and inset) cross-section
of NPG film.
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f the morphology of the developing NPG structure as well as the
esidual Ag that remains in the film. Once the Ag concentration
n the film nears depletion, the potential must increase to main-
ain a constant current density. The steep increase of the potential
owards the end of the process in Fig. 3a indicates almost complete
issolution of Ag atoms in the alloy and therefore low residual Ag
oncentration in the final NPG film. If the process were to continue
nabated, the potential would increase to the level at which Au
issolution would occur. Since Au dissolution is not desired, the gal-
anostatic process is set to terminate when the potential exceeds a
ut-off value, Vco. The cut-off value is an important process param-
ter that must be determined for each alloy composition. In this
xample, the cut-off potential is set to be 1.3 V. Fig. 3b and c show
hat crack-free, blanket, NPG films are fabricated by this method
nd uniform three-dimensional porosity is obtained through the
ntire 250 nm thickness.

We now compare the potentiostatic and galvanostatic methods
or both low Au concentration as well as high Au concentrations
n the precursor alloy; the otherwise nominally identical precur-
or alloy films had thicknesses of 250 nm and were deposited atop
n Au barrier layer, Cr adhesion layer and silicon substrate. The
aximum potential in the galvanostatic method is set to be about

% higher than the maximum potential attained in the potentio-
tatic method. The current density for the galvanostatic method
s chosen to be 10 mA/cm2, which is about 30% of the maximum
urrent density observed in potentiostatic dealloying with ramped
otential application. For relatively high Au composition precur-
or films, i.e. 32–35 at.% Au, both the potentiostatic method with
amped potential and the galvanostatic method lead to uniform
rack-free NPG structures as seen in Fig. 4a and b, respectively. The
otal time necessary for the dealloying process to come to comple-
ion is about 5 s for the galvanostatic method and about 30 s for the
otentiostatic method. This is important because, in principle, the
PG ligament and pore sizes coarsen with longer dealloying times,

lthough the differences are not readily evident in Fig. 4. Additional
xperiments show that crack-free NPG films can be obtained from
recursor alloy compositions larger than 32 at.% Au using the gal-
anostatic method for current density values between 3 mA/cm2

nd 10 mA/cm2.

ig. 4. Potential and current history and resulting NPG structure prepared using: (a) potent
recursor alloy has 250 nm thickness with an initial composition of 34 at.% Au.
Compounds 509 (2011) 6374–6381 6377

We now consider NPG films obtained from precursor alloy films
with relatively low Au concentrations between 26 at.% and 30 at.%
Au via both potentiostatic and galvanostatic dealloying methods.
Again, the precursor films with thickness of 250 nm are deposited
onto silicon substrates with the Au and Cr layers. Fig. 5a shows
a NPG film obtained by step application of the potential to 1.2 V,
which results in an initial Ag dissolution rate of about 1700 mA/cm2

that drops to 25 mA/cm2 after 1 s, then down to 10 mA/cm2 after
2 s and finally below 1 mA/cm2 for the next 8 s of dissolution. It
is clear that the resulting NPG structure is severely cracked. The
NPG structure is dramatically improved using potentiostatic deal-
loying with ramped potential at a rate of 1 V/min to a maximum of
1.2 V (cf. Fig. 5b). In this scheme, the maximum current density is
12 mA/cm2 and the material removal period is around 50 s. The dra-
matic decrease of the maximum Ag removal rate compared to the
stepped potential results in a significant improvement to structural
uniformity; nonetheless, minor cracks exist with lengths varying
between 50 nm and 150 nm. Fig. 5c shows the results of galvanos-
tatic dealloying with a current density controlled to 3 mA/cm2; the
dealloying process is terminated after 62 s as the potential reached
1.26 V. For such low Au concentration precursor alloys, the galvano-
static method does not significantly reduce the density and sizes
of surface damage as compared to the ramped potential scheme.
The value of the constant current density is lowered even further
to 1 mA/cm2 in dealloying of an identical sample for about 200 s;
Fig. 5d shows that the NPG structure has a coarser structure for
lower current densities due to extended exposure time to the elec-
trolyte and the surface damage becomes even more pronounced.

The crack-like features in Fig. 5a are comparable to the thickness
of the film but they likely do not extend to the substrate because the
NPG films did not delaminate. These defects probably developed
during the very high current density in the first 1 s of the dealloy-
ing process. The length of the crack-like features in Fig. 5b and c
is much smaller than the film thickness and can be considered to

be superficial. The ligament sizes vary between 10 and 15 nm. The
sizes of the crack-like features in Fig. 5d are again comparable to
the film thickness. These defects likely initiated as smaller features
and then grew to their present size as a consequence of coarsening
of the nanostructure that occurred during the extended dealloy-

iostatic dealloying with ramped potential increase; and, (b) galvanostatic dealloying.
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ig. 5. NPG films from 26 at.% Au precursor alloy with 250 nm thickness fabricated b
ealloying with ramped potential application (1.2 V at 1 V/min); (c) galvanostatic d

ng period. The ligament size is about 25–30 nm due to extended
xposure to the electrolyte at applied potential, i. e. electrochemi-
al annealing. In summary, for 250 nm thick 26 at.% precursor alloy
lms, both the ramped potential potentiostatic scheme and the gal-
anostatic dealloying provide significant improvement to the NPG
tructure relative to the films acquired with step application of the
otential. However, the final NPG film structures are in general of

ower quality than those seen with a larger initial Au concentra-
ion in the precursor alloy. This observation is in agreement with
he poor film quality and higher cracking tendency of the lower Au
omposition films reported in the literature [18,24].

Another set of experiments is carried out to compare the gal-
anostatic and potentiostatic dealloying methods for significantly
hicker films, in this case with precursor alloy films of thick-
ess of 1300 nm and composition of 32 at.% Au. Fig. 6a shows the
esults of the potentiostatic method upon the step application of a
otential of 1.2 V, which yields an initial current density of about
00 mA/cm2. It is evident that the NPG film is severely damaged
ith cracks that extend up to several micrometers in length, which

s much larger than the film thickness. The cracks appear to initi-
te from the free surface of the NPG films and propagate toward
he substrate. Despite severe cracking, the film does not delami-
ate. Occasional nanoscale cracks are observed within the islands
eparated by large-sized cracks. Potentiostatic dealloying was used
o dealloy a nominally identical sample with ramped potential
ate of 1 V/min with a maximum potential of 1.2 V that is then
eld constant for about 600 s until the dissolution rate decreases
elow 1 mA/cm2 (cf. Fig. 6b); the peak value of Ag dissolution rate

s 50 mA/cm2. Again, large scale cracking occurred; however the
idth of the cracks is slightly less than for the step application of
otential. Galvanostatic dealloying at a constant current density of
mA/cm2 is used on a third nominally identical sample with a cut-
ff potential of 1.2 V. As seen in Fig. 6c, no cracks are observed over
n area of many hundreds of square micrometers; however the
igher magnification inset of Fig. 6c shows there to be very minor

uperficial damage.

The 1300 nm films have a much higher propensity for cracking
han do the 250 nm thick films. The cracks observed are through-
hickness channel cracks that have an in-plane length much longer
han the film thickness. It is known [34] that cracks can grow in a
potentiostatic dealloying with step potential application (1.2 V); (b) potentiostatic
ing at 3 mA/cm2; and, (d) galvanostatic dealloying at 1 mA/cm2.

film when the thickness exceeds a critical value given by

hcr
f = 2

�c2
e

�f Ēf

�2
m

(1)

where ce is a numerical coefficient related to the morphology of
the crack, � f is the energy of fracture of the thin film, Ēf is the
plane strain modulus of the thin film, and �m is the mean biaxial
stress in the film due to strain mismatch of the film with respect
to the substrate. Eq. (1) is strictly valid only when the elastic prop-
erties of the substrate are the same as those of the film; however
the functional form of the expression is nevertheless instructive
because it shows the critical thickness to decrease as the square
of the stress, �m. The mismatch strain that leads to a non-zero �m

is due to the mechanisms that cause shrinkage of the precursor
alloy. Thus, the relationship between hcr

f
and �m is critical in terms

of developing a fabrication procedure that leads to crack-free films.
For the set of 1300 nm thick specimens shown in Fig. 6, both poten-
tiostatic dealloying regimens induce a high rate of increase of �m as
a result of high values of the current density during dealloying. On
the other hand, galvanostatic dealloying at a constant current den-
sity of 3 mA/cm2 is effective in maintaining the stress level below
the critical value.

The post-dealloying compositions of the NPG films are
determined by Energy Dispersive X-Ray Spectroscopy (EDS) by
Princeton-Gamma Tech. Inc. using a Hitachi 4700 SEM. Due to the
high thicknesses of the 1300 nm films, the underlying Si substrate
and Cr adhesion layer are not detected during the analysis; thus the
results are indicative of the composition of the NPG film. For the
1300 nm thick films prepared by both potentiostatic methods in
Fig. 6a and b the residual Ag in the NPG films is 20 at.% Ag, whereas
the NPG film prepared by galvanostatic dealloying in Fig. 6c has
a residual content of 14 at.% Ag. The residual Ag concentration of
the 250 nm films in this study (cf. Figs. 4 and 5) could not be mea-
sured accurately because the EDS detected the underlying Au and Cr

layers. However in a previous study [18], the residual Ag concentra-
tion ranged from 2 at.% to 5 at.% Ag using the ramped potentiostatic
method for 250 nm thick NPG thin films with 30 at.% to 33 at.% Au
using precursor alloys that were deposited via thermal vapor depo-
sition without an underlying Au layer. It is interesting to note that
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ig. 6. Potential and current history and resulting NPG structure of 1300 nm NPG
b) potentiostatic method with ramped potential; and, (c) galvanostatic method wi

he time necessary for complete dealloying in the cracked 1300 nm
lm under a ramped potential in Fig. 6b is significantly longer than
he time necessary for the uncracked 250 nm films dealloyed in a
amped potential in Fig. 4a.

Surface chemistry affects the evolution of the nanoporous struc-
ure. The simple cyclic voltammetry data, acquired using a pure

u electrode as the anode, shows that around 1.26 V there is a
mall increase in the current reading (cf. Fig. 7). This increase cor-
esponds to the electrosorption of a monolayer of oxygen species
n the gold surface. Newman et al. [35] showed that surface mobil-
ty of the gold atoms drastically reduces in the presence of such
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stant current density of 3 mA/cm2.

monolayers during dealloying. The recent study by Biener et al. [36]
confirms stabilization of low coordinated Au atoms by adsorbed
oxygen. The electrochemical annealing is enhanced at high over-
potential values, unless the potential exceeds the value at which the
electrosorption occurs [37]. The oxygen species monolayer inhibits
gold diffusion on the surface, so that stress relaxation is reduced.
Therefore, potentiostatic dealloying performed at a potential near
the onset of surface oxide formation may lead to cracking. In con-
trast, in galvanostatic dealloying the potential is kept below the
surface oxidation threshold for the majority of the process time
and it increases only due to a paucity of Ag near the end of the
dealloying process. The galvanostatic method provides a more suit-
able dealloying regimen that results in a lower residual Ag content
and yet reduces the dealloying time at potentials above the oxida-
tion threshold, thus allowing fabrication of crack-free films with
relatively large thickness.

The ligament size in the 250 nm films is around 5–7 nm regard-
less of the fabrication technique. The ligament size observed in the
1300-nm-thick films is significantly smaller than those observed
in 250 nm films. The underlying cause of the small feature size is
not yet understood, but the film stress may play a significant role.
As described by Eq. (1), the critical stress at the onset of cracking
of 250-nm-thick films is more than twice that for 1300-nm-thick
films, assuming the mechanical properties are the same. Therefore,

the film stress achieved in the thinner films during dealloying is
likely to be a factor of two larger than the film stress in the thicker
films. The lower stress may affect the Ag removal and surface diffu-
sion of Au, which would lead to smaller pores. The effect of stress on
the surface construction mechanism is yet to be studied in detail.



6 ys and

fi
d
c
t
s
a
u
s
s
c
s
t
t
T
o
t
o

d
m
9
r
u

F
a
1
c

380 O. Okman, J.W. Kysar / Journal of Allo

To achieve a lower residual Ag content for the 1300 nm NPG
lms, a nominally identical sample is dealloyed using galvanostatic
ealloying at a lower current density of 1.5 mA/cm2 and a higher
ut-off potential of 1.45 V; both changes serve to increase the total
ime of dealloying. The potential and current density histories are
hown in Fig. 8a. Fig. 8b shows the surface of the resulting NPG film
nd Fig. 8c shows the cross-section, which demonstrates that the
niform porous structure observed on the surface of the film is pre-
erved through the thickness of the films. The EDS measurements
how the residual silver content to be 1.5 at.% Ag. It is also evident in
omparing the insets of Figs. 6c and 8c that the ligament and pore
izes of the NPG films are significantly larger when dealloyed at
he lower current density and higher cut-off potential; in addition
here is no superficial surface damage in the film shown in Fig. 8c.
he high residual Ag content together with the small pore sizes
bserved in thick films in Fig. 6c suggests mass transport through
he pores of the thick film may play the limiting role in the removal
f Ag.

We now demonstrate that the current readings acquired during
ealloying represent the Ag dissolution. To this end, cyclic voltam-

etry tests are performed to observe the oxidation peaks on a

9.999% pure Au (Alfa Aesar) wire electrode (cf. Fig. 7). The cur-
ent versus potential curve in Fig. 7 shows that—for the electrolyte
sed in this study—a monolayer of surface oxide forms on the sur-

ig. 8. Galvanostatic dealloying of a 1300 nm thick precursor of 32 at.% Au to achieve
crack-free NPG film with lower residual Ag content: (a) potential history for

.5 mA/cm2 current density; (b) surface of crack-free blanket NPG film; and, (c)
ross-sectional view.
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face at around 1.26 V, so for cut-off potentials above this value a
surface oxide monolayer can be assumed to exist on the final NPG
surface. In addition, in this electrolyte, the oxidation of water as
described in

2H2O → O2(g) + 2H+(l) + 2e− (2)

takes place at a value greater than 1.6 V and the dissolution of Au
occurs at an even higher potential. Thus, for the potential values
used in this study for both galvanostatic and potentiostatic dealloy-
ing methods, the current density represents the dissolution of only
Ag, except for the very minor contribution to the current density
due to the formation of the surface oxide monolayer.

5. Conclusions

The fabrication of crack-free NPG thin films constrained to a
rigid substrate poses significant difficulties due to the dimensional
constraints of the substrate and the resulting stress field. If NPG thin
films are to be incorporated into micro-electro-mechanical (MEMS)
devices, essential requirements of a fabrication method include:

• no cracks,
• 3-dimensional porosity, and
• surface uniformity.

An ideal fabrication method for such films should be versatile
and provide the flexibility to tailor the film properties over a wide
range. Thus, the method should enable fabrication of films with:

• minimum residual Ag,
• tailorable ligament size,
• and minimum processing time (to minimize fabrication cost).

Existing potentiostatic methods provide effective fabrication
techniques; however, they have drawbacks which include multi-
step dealloying processes as well as dealloying times that range
from several hours up to 70 h for bulk materials [15,23] or from
10 min to 35 min for 75 nm thin films [16]. Clearly the current
densities over such extended times remain very low, which allow
crack-free NPG to be obtained. However, the small electric potential
that must be applied in order to achieve such low current densi-
ties may leave a relatively large residual Ag concentration in the
NPG [23]. On the other hand, with the galvanostatic methods we
introduce, the dealloying times range from a few seconds to a few
minutes, depending upon the thickness and initial composition of
the precursor film. In addition, since the galvanostatic method must
vary the potential to maintain a constant areal current density,
the potential near the end of the dealloying processes achieves a
sufficiently high value to allow a low residual Ag concentration.

The mechanisms of change of film stress with Ag removal rate is
not yet well understood. The Ag removal rate is temporally highly
non-uniform for high potential values using potentiostatic meth-
ods, so that stress increase rates are also very high, which may
enhance cracking. However, potentiostatic dealloying at low poten-
tials [23], or in multiple steps [15], has been shown to decrease the
volume shrinkage in unconstrained films.

We show that the most effective way to achieve crack-free films
with low residual Ag content is to control directly the dissolution
rate of the Ag in an electrochemical cell. Potentiostatic methods for
which the potential is increased either as a step or as a ramp func-

tion do not allow full control of the Ag dissolution rate because the
current density—which is directly related to the dissolution rate
of Ag—is a function of the applied potential and the details of the
electrochemical circuit. However galvanostatic dealloying—which
directly controls the current density and hence the Ag dissolu-
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ion rate—in an electrochemical cell is shown to be superior to the
otentiostatic dealloying method with regard to obtaining blanket
rack-free NPG thin films. As opposed to the potentiostatic method,
n the galvanostatic method the current density is controlled and
he electrical potential is a function of the prescribed current and
he details of the electrochemical circuit.

For 250 nm thick precursor alloy films with a relatively high Au
oncentration in the range of 32–35 at.% Au, a galvanostatic method
s well as a ramped application of potential in a potentiostat yields
rack-free NPG thin films. However for a lower Au concentration of
6–30 at.% Au, while both methods yield NPG films that are free of
ajor cracks, there is some minor superficial damage.
For 1300 nm thick precursor alloy films, the galvanostatic

ethod allows the fabrication of crack-free NPG films with neg-
igible superficial damage from precursor alloys with 32 at.% Au
oncentration. Potentiostatic dealloying using both a step as well as
ramp potential application is not able to achieve crack-free NPG
lms of this thickness. The precise control of the Ag dissolution
ated enabled by galvanostatic dealloying is the key to maintaining
he stress below the critical value at which extensive cracking is
bserved.

For both potentiostatic and galvanostatic dealloying methods,
here is no systematic variation in pore and ligament size through
he thickness. However superficial damage and small-scale cracks
re observed on most films at lower Au concentrations in the pre-
ursor alloy. Crack-free films as thick as 1300 nm with only minor
uperficial damage are obtained using the galvanostatic method
rom a 32 at.% precursor alloy. Thus the final film quality and surface

orphology strongly depend on the initial alloy composition.
In summary, galvanostatic dealloying is effective in the fabri-

ation of crack-free blanket NPG films with a residual of 1.5 at.%
g up to a thickness of 1300 nm over many hundreds of square
icrometers. The method should prove to be useful in the fabri-

ation of micro-electro-mechanical system (MEMS) devices with
PG coatings of high quality.
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