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Abstract: Nanoporous gold (np-Au) has found use in applications ranging from catalysis to bio-
sensing where pore morphology plays a critical role in performance. While morphology evolution
of bulk np-Au has been widely studied, knowledge about its thin film form is limited. This work
hypothesizes that the mechanical compliance of the thin film substrate can play a critical role in the
morphology evolution. Via experimental and finite-element-analysis approaches, we investigate the
morphological variation in np-Au thin films deposited on compliant silicone (PDMS) substrates of
a range of thicknesses anchored on rigid glass supports and compare those to the morphology of
np-Au deposited on glass. More macroscopic (10s to 100s of microns) cracks and discrete islands
form in the np-Au films on PDMS compared to glass. Conversely, uniformly-distributed micro-
scopic (100s of nanometers) cracks form in greater numbers in the np-Au films on glass than on
PDMS, with the cracks located within the discrete islands. The np-Au films on glass also show larger
ligament and pore sizes possibly due to higher residual stresses compared to the np-Au/PDMS
films. The effective elastic modulus of the substrate layers decreases with increasing PDMS thick-
ness, resulting in secondary np-Au morphology effects including a reduction in macroscopic crack-
to-crack distance, an increase in microscopic crack coverage, and a widening of the microscopic
cracks. However, changes in the ligament/pore widths with PDMS thickness are negligible, allow-
ing for independent optimization for cracking. We expect these results to inform the integration of
functional np-Au films on compliant substrates into emerging applications, including flexible elec-
tronics.

Keywords: Dealloying; Gold thin films; Porous material; Elastomeric polymer; Cracking

1. Introduction

Nanoporous metals are a subclass of functional nanostructured materials that have
drawn significant attention from the research community for a combination of unique
characteristics including large surface area-to-volume ratio, high electrical and thermal
conductivity, and a network structure of interconnected pores with feature sizes that can
be tuned from the nanometer to micrometer range [1-5]. These materials are commonly
obtained by a corrosion process called dealloying which involves preferential dissolution
of one or more less noble elements from an originally homogeneous alloy [6,7]. Nanopo-
rous gold (np-Au) is frequently considered as the prototypical nanoporous metal and is
fabricated by the dealloying of AuAg alloys containing 60-80 atomic% Ag, where Ag at-
oms selectively dissolve while gold atoms diffuse at the surface-electrolyte interface to
form a bicontinuous ligament and pore structure consisting mostly of Au atoms [7-11].
The intriguing optical [12], electrical [13-15], and mechanical [16-18] properties of np-Au
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have created opportunities for applications in a wide range of fields including sensors
[19-22], actuators [23-25], catalysis [26], energy storage [27], and biomedical devices
[28,29].

The thin film forms of nanoporous metals supported by substrates enable their inte-
gration into devices as functional coatings (e.g., sensors) via conventional photolitho-
graphic techniques [30]. However, thin films supported by an underlying substrate often
exhibit residual stresses. These stresses may arise from several sources such as the intrinsic
stresses caused by the accumulation of crystallographic defects during film deposition
and the thermal stresses from the deposition-induced thermal expansion mismatch be-
tween the film and substrate, both of which affect the microstructure and performance of
the films [31,32]. Mechanical mismatches, such as compliance differences, between the
thin film and the substrate play an important role in residual stress accumulation and
relaxation, and ultimately the resulting topographies at scales ranging from nanometers
to millimeters. Such mismatches often result in variation in the residual stress-induced
channel cracking behavior in the films [33]. For example, if the substrate is much stiffer
than the film, the cracks may extend only partially through the film [34], but when the
substrate is more compliant than the film, the cracks may extend through the film to the
substrate and delaminate along the film-substrate interface [35]. While there are several
studies on the deformation and cracking behavior of as-deposited metallic thin films on
compliant substrates [36-38], there is limited knowledge on the influence of the substrate
compliance on the microstructure of nanoporous metals obtained by dealloying. It was
previously demonstrated that the residual stresses in np-Au thin films vary depending on
the mechanical constraints imposed on the film (e.g., approximately two times higher re-
sidual stress in a substrate-supported blanket film than a microfabricated free-standing
film), which leads to different cracking and pore morphologies [39]. Therefore, it is logical
to further study the morphology evolution in np-Au thin films in response to variations
in substrate compliance and the accompanying residual stress changes. This is particu-
larly important for applications where nanoporous metals could be patterned on compli-
ant substrates such as wearable sensors and flexible electronics [40,41].

In this work, we focus on the crack and ligament-pore morphology evolution in np-
Au thin films deposited on compliant silicone substrates of varying thicknesses that are
anchored to an additional rigid substrate. This system modulates the “effective elastic
modulus” of the substrate experienced by the np-Au thin film as a function of the silicone
layer thickness. In addition, we provide a comparison of the morphologies in the np-Au
films on the compliant substrates to those of the films on the rigid substrate which has a
much higher elastic modulus.

2. Experimental
2.1. Chemicals/materials

Thermo Scientific glass slides (25 x 75 x 1 mm) were used to anchor the polydimethyl
siloxane (PDMS) “silicone” substrates. 15 x 8 mm PDMS substrates of thicknesses 0.25,
0.50, 1.59, and 3.18 mm (as per manufacturer datasheet) were prepared from BISCO HT-
6240 silicone sheets obtained from Rogers Corporation. Silver (Ag), gold (Au), and chro-
mium (Cr) sputtering targets of 99.95% purity were procured from Kurt J. Lesker. Nitric
acid (70%) was purchased from Sigma Aldrich.

2.2. Sample preparation

The glass slides were cleaned with isopropanol followed by drying with a nitrogen
gun before attaching the PDMS substrates. The glass and PDMS surfaces forming the
glass/PDMS interface were exposed to air plasma for 1 minute at 30 W in a PDC-32G
plasma cleaner from Harrick plasma. This treatment facilitated the covalent bonding be-
tween exposed surfaces of the PDMS and the glass. A Lesker LAB Line sputter system
was used to deposit the AuAg alloy film (precursor to np-Au thin film), which consisted
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of sequential deposition of a Cr adhesion layer (~160 nm-thick), a planar Au intermediate 95
layer (~80 nm-thick), and finally a Aug4Ag (atomic%) alloy layer (~600 nm-thick). 96
Prior to deposition, the substrate surface was treated in air plasma at 30 W for 2 minutes 97
to improve adhesion of the thin film to the substrate. The AuAg thin film samples were 98
dealloyed for 15 minutes by immersing them in 70% nitric acid heated to 55°C on a hot- 99
plate followed by rinsing in deionized water and drying them under nitrogen flow. 100

2.3. Post-dealloying characterization 101

To characterize the morphology of the np-Au thin films at micro- and nanometer 102
length scales, top-view scanning electron microscope (SEM) images were obtained using 103
a FEI Nova NanoSEM430 microscope at magnifications ranging from 150X to 150,000X. 104
The atomic percentages of Au and Ag in the thin film before and after dealloying were 105
determined by an Oxford X-Max Energy Dispersive X-ray Spectroscopy (EDS) detectorin 106
conjunction with a FEI Scios Dualbeam FIB/SEM system. The SEM images were processed 107
and analyzed by a combination of Image] [42], GIMP, and MATLAB to quantize the mor- 108
phological features. Overlay masks in Image] were used on segmented images to obtain 109
pseudo-colored visualizations of the individual islands bound by macroscopic cracks. 110
The thicknesses of the thin films were measured using a Park Systems XE7 atomic force 111
microscope (AFM) over a step of the thin film by masking part of the glass substrate with 112
a Kapton tape during deposition. The AFM was also used to characterize the topographies 113
of the np-Au film surfaces by scanning 50 x 50 um areas of the film in the tapping mode. 114
The AFM images were processed and analyzed using Gwyddion to extract a “waviness” 115
parameter. Briefly, a total of nine line scans along the x-axis on the AFM topographic im- 116
ages of three different np-Au islands (three lines separated by 10-15 pm per island) were 117
analyzed for each np-Au/substrate combination. The analysis line locations were adjusted 118
to avoid adsorbed particulates that could cause artifacts in the scan profile. The waviness 119
profiles along those lines were extracted using a cut-off wavelength of 4 um to filter out 120
the roughness. The average waviness for each line scan (i.e., the average heights of the 121
waviness profile along each line scan) were then computed. 122

2.4. Simulations 123

To corroborate the results of the experiments, finite element analysis (FEA) simula- 124
tions were performed using COMSOL Multiphysics software. These involved simulating 125
np-Au thin films on a PDMS substrate with the PDMS fixed at the bottom to mimic the 126
rigid glass substrate. The first set of simulations was performed to calculate the “effective 127
elastic modulus” of the anchored PDMS substrates wherein the PDMS layer was 5 mmin 128
both length and width with the thickness varying from 0.01 mm to 5 mm. A tetrahedral 129
mesh with an element size range of 0.501 pm to 2.5 um was used for this set of simulations. 130

The second set of simulations was performed to estimate the elastic strain energy in 131
the thin film-substrate system, and the horizontal and vertical edge displacements at the 132
metal film/substrate interface before and after dealloying. We refer to the Cr and Au layers 133
as the adhesion layers for the rest of the paper. The PDMS layer was 2.5 mm in both length 134
and width for these simulations with the thickness varying from 0.05 mm to 5 mm. The 135
thicknesses of the AuAg (post-deposition) and np-Au (post-dealloying) films were 600 nm 136
and 500 nm, respectively, and the Cr and Au adhesion layers had thicknesses of 160 nm 137
and 80 nm, respectively. A free quadrilateral mesh with an element size range of 0.079 um 138
to 318 um was used. A swept mesh was applied for all the layers (Figure S12), with the 139
number of elements through the thicknesses of AuAg and np-Au films, adhesion layers, 140
and PDMS being 8, 10 and 5 respectively. 141

2.5. Statistical Analysis 142
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Glass

A minimum of two different samples with a minimum of three different images per
sample per length-scale was used for statistical comparisons. A student’s t-test was per-
formed to compare two different sample groups, with p-values below 0.05 deemed statis-
tically significant. The statistical tests were performed with OriginPro.

3. Results

Figure 1 shows the morphologies of the precursor AuAg films on glass and PDMS
substrates at two different magnifications. At low magnification (Figure 1a), it is apparent
that cracks have initiated in the films on the PDMS substrates but not on the glass sub-
strate. However, no cracks are visible in any of the films at the length scale of grains (Fig-
ure 1b).

PDMS

200 pm

0.25 mm 0.50 mm 1.59 mm

Figure 1. Top-view SEM images of as-deposited AuAg precursor thin films on glass and PDMS of
varying thicknesses at (a) low (150X), and (b) high (50kX) magnifications.

Figure 2 shows the three different types of morphological features in the np-Au thin
films at different length scales: macroscopic cracks, microscopic cracks, and ligaments and
pores. The features are differentiated by their emergence at different magnifications and
by the corresponding populations displaying similar morphological characteristics (i.e.,
islands, hairline cracks, pores/ligaments).
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Glass

PDMS

Figure 2. Top-view SEM images of (a) macroscopic cracks at 150X, (b) microscopic cracks at 35kX,
and (c) ligaments and pores at 150kX magnifications in the np-Au thin films on glass and PDMS of
varying thickness.

Here, we investigate the variation in these features across np-Au films deposited on
compliant PDMS substrates (np-Au/PDMS) of thicknesses 0.25, 0.50, 1.59, and 3.18 mm
that are covalently bonded onto glass slides of 1 mm thickness. In addition, the morphol-
ogy of the np-Au film on “infinitely” rigid glass (np-Au/glass) is compared to that of np-
Au/PDMS. As evident in Figure 1, the precursors to macroscopic cracks in the np-
Au/PDMS films are present following the deposition step, but the microscopic cracks ap-
pear after dealloying (Figure 2). The films on glass are instead free from macroscopic or
microscopic cracks prior to dealloying but show profuse microscopic cracking after deal-
loying.

3.1. Macroscopic cracks

As seen in Figure 2a, the macroscopic cracks are present throughout the film and are
visible at low magnification (150X) SEM images. On the PDMS substrates, individual is-
lands are separated from each other by macroscopic cracks. However, the cracks in the
film on glass, although ubiquitous at this length scale (shown segmented in Figure S4),
are smaller than those in the films on PDMS and do not form enclosed regions as on
PDMS. Therefore, the macroscopic cracks in np-Au on glass are not discernable in Figure
2a compared to those in np-Au. Figure 3 shows how the macroscopic crack-to-crack dis-
tances vary among different np-Au film/substrate combinations. The crack-to-crack dis-
tances for np-Au/PDMS were taken to be the island widths and were quantified by first
segmenting the SEM images and then measuring the major and minor axes of the elliptical
outlines of the segmented regions (details in Section 1.1 of the SI). Since the cracks on np-
Au/glass do not form enclosed regions, the elliptical outline method is not suitable for
measuring the inter-crack distance. We instead used a custom MATLAB code [14] to scan
horizontally and vertically along the segmented image and find inter-crack distances
along these directions. The values computed with this approach were scaled up by 1.53 to
match the results provided by the elliptical outline method (rationale described in Section
1.4 of the SI). The areas of individual islands in the np-Au/PDMS films get smaller, the
number of islands increases, and the distance between the cracks decreases with increas-
ing PDMS thickness. The increase in crack density (number of cracks per unit area) with
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PDMS thickness is clearly visible from the segmented images in the inset of Figure 3, and = 194
is further evidenced by the average crack-to-crack distance decreasing from 260 +7 ymto 195
167 £ 3 um (the errors are the standard error of the mean) for PDMS thicknesses from 0.25 19
mm to 3.18 mm. In addition, the distribution in the distance values becomes narrower for 197
thicker PDMS substrates (1.59, 3.18 mm) than those for the lower thickness (0.25, 0.50 mm). 198
The average crack-to-crack distance for the np-Au/glass is 117 + 0.53 um and is substan- 199
tially smaller than that for even the np-Au/PDMS film on 3.18 mm-thick PDMS. 200

300

"

- N N
N o N
o o o
TP R |

100 1 /

Crack-to-crack distance (um)
(@)
o

0 I I I I 1
glass 0.25 mm 0.50 mm 1.59 mm 3.18 mm

201

Figure 3. The average crack-to-crack distance for the macroscopic cracks observed in np-Au/glass 202
and np-Au/PDMS of varying substrate thickness. The islands bound by the cracks in np-Au/PDMS 203
are shown in the inset with pseudo-color segmentation. The red lines inside each bar denote the 204
median crack-to-crack distance and the dashed line goes through the median values. The error bars 205
denote the standard error of the mean. 206

3.2. Microscopic cracks 207

Higher magnification SEM (35kX) reveals the presence of “microscopic” cracksinthe 208
thin films as shown in Figure 2b. To quantify the microscopic cracking, the SEM images 209
were segmented to distinguish the cracks as black pixels against a white background (Sec- 210
tion 1.2 of the SI). Microscopic cracks are more prevalent in np-Au/glass films compared 211
to np-Au/PDMS films; the percent crack coverage (Figure 4) for np-Au/glass is 7.6% which 212
is more than twice the maximum crack coverage observed for np-Au/PDMS films. The 213
inset of Figure 4 confirms that np-Au/glass films have a significantly larger population of 214
microscopic cracks than the average population in the np-Au films on any thicknesses of =~ 215
PDMS. 216
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Figure 4. Variation in the percentage of the crack coverage in np-Au/glass and np-Au/PDMS films 218
with varying substrate thickness. The inset shows the comparison of the crack coverage between 219
np-Au/glass and the average for np-Au/PDMS films, where a p-value less than 0.05 denotes a sta- 220
tistically significant difference. The error bars represent the standard error of mean. 221

Interestingly, np-Au/PDMS films on the 0.25 and 0.50 mm-thick PDMS substrates 222
display negligible microscopic cracking whereas cracks appear in np-Au films on thicker 223
PDMS substrates, gradually increasing to a percent crack coverage of 3.5% on 3.18 mm- 224
thick PDMS. That is, the maximum percent crack coverage on thicker PDMS is ~25 times = 225
higher than the maximum coverage on thinner PDMS. 226

3.3. Ligaments and pores 227

At the smallest length scale, we investigated the ligaments and pores at 150kX mag- 228
nification in the np-Au thin films as shown Figure 2c. The ligament and pore widths were 229
measured by segmenting the SEM images and applying a custom MATLAB script to an- 230
alyze the segmented images (details in Section 1.3 of the SI). The width distribution of the 231
ligament and pores are presented as violin plots to capture the distribution of the liga- 232
ment/pore sizes (Figure 5). 233
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Figure 5. (a, b) Ligament width (a) and pore width (b) distribution in np-Au/glass (0 mm PDMS
thickness) and np-Au/PDMS of varying substrate thickness shown by violin plots. The boxes inside
the violins range from the first to the third quartiles, the whisker lengths show 1.5 times the inter-
quartile range, and the white squares denote the median values. The median ligament and pore
width on glass are larger than those on PDMS, but they do not display a marked variation with
varying PDMS thickness. The red trendlines through the medians are visual guides only. (c) Com-
parison of the average ligament and pore widths of np-Au/glass to those of np-Au/PDMS averaged
over all the PDMS thicknesses. A p-value less than 0.05 indicates a statistically significant difference.
The p values, being very small numbers in this case, have been approximated as zero. The blue lines
correspond to the median values and the error bars denote standard error of the mean (negligible
due to very small values). .

The median ligament and pore widths in np-Au/glass are 48 and 25 nm, respectively,
which are larger than the maximum median values of 35 nm and 20 nm for the ligament
and pore widths for np-Au on 1.59 mm-thick PDMS. That is, the ligament width has
greater absolute and relative changes than the pore width when going from a stiff to a
compliant substrate. The widths of the ligaments on glass also show a wider distribution
(Figure 5). However, neither the ligament nor the pore width in np-Au/PDMS films show
a marked variation with substrate thickness, with the median ligament widths ranging
from 31 to 35 nm and the median pore widths from 17 to 20 nm. As shown in Figure 5c,
the average ligament and pore widths for np-Au/glass are significantly larger than those
for np-Au/PDMS averaged over all the PDMS thicknesses.

3.4. Finite Element Simulations

To simulate the effective elastic moduli of anchored PDMS of different thicknesses
hp, a two-dimensional PDMS mesh consisting of tetrahedral elements with a minimum
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[a]

PDMS fixed at the bottom

size of 0.501 um was generated (Section 2.4). A force of f = 0.0001 N along the x direc-
tion was applied to two points that were wy, = 200 pum apart on top of the PDMS, and the
resulting distance w between the points was recorded (Figure 6a). The effective elastic
modulus was defined by equating the average strain energy density in the PDMS with
that of a homogeneously strained linear elastic isotropic solid in the following way. The
work per depth of material is f(w — wy), and the PDMS volume per depth of material
between the points of contact is hpw,, giving a strain energy density of fe/hp where & =
(w — wp)/w, is the linear strain on the PDMS surface. Equating this with the elastic strain
energy Epe?/2 in an isotropic linear elastic solid and solving for the Young’s modulus
Ep as a function of PDMS thickness hp gives
2f :
=Tt 1)
Figure 6b shows the variation in the effective elastic modulus of the anchored PDMS
substrates for nine different thicknesses (0.001 mm to 5 mm) as defined by Equation 1, and
the modulus decreases monotonically with increasing PDMS thickness. Note that the
modulus at the lowest PDMS thickness (0.01 mm) far exceeds the physical modulus of
glass (~70 GPa [43]) by virtue of Equation 1 since the simulations and the equation mod-
eled the PDMS as being anchored to an infinitely rigid material. Experimentally, the max-
imum effective modulus of PDMS should not exceed 70 GPa and should only reach this
value when the PDMS thickness approaches zero.

Ep

— o E " 770 GPa (elastic modulus of glass)
Point: hich force is applied © e Attt T v e
ittt e ity % 10 + v, 20 GPa (elastic modulus of np-Au)
-~ 1
X » '|
—_— =
*—o- 3 L 4
e - o '\v
£ 01 I
Q ’ V-~
z TP v
o 0.01-
(0]
=
B0.0014-~~-mmrmam e o T —
3‘1:3 1 MPa (elastic modulus of PDMS)
L
O T T T T T T
0 1 2 3 4 5

PDMS thickness (mm)

Figure 6. (a) Schematic showing the simulation setup to compute the effective elastic modulus of
PDMS at the surface. (b) Effective elastic modulus of the PDMS substrate at the free surface as a
function of the PDMS thickness. The black dashed line is a visual guide only.

Figure 7 shows the elastic strain energies in the top metal layers and anchored PDMS
substrates of ten different thicknesses (0.05 mm to 5 mm) before and after dealloying as
obtained from the simulation setup described in Section 2.4. Figure 7a also includes the
strain energies in AuAg and np-Au on glass. A thermal strain corresponding to a stress of
100 MPa was applied to the metal layers to calculate the post-deposition strain energies.
This strain was then used as a pre-strain in the metal layers for the dealloying simulations.
AuAg on glass has the highest strain energy of 6.3 x 107], with this dropping to 1.5 x 107
J in np-Au after dealloying (Figure 7a). The strain energy in the AuAg film on 0.05 mm-
thick PDMS drops from 2.9 x 10%] to 1.6 x 10#] in the np-Au film after dealloying, with
both of these values decreasing with increasing PDMS thickness (Figure 7a and 7b). The
strain energy for the PDMS in the post-deposition state similarly decreases with PDMS
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thickness from a maximum of 2.3 x 10#] for the 0.05 mm-thick PDMS to 2.1 x 10°] for the 292
5 mm-thick PDMS (Figure 7b). The strain energy of the total film-PDMS system consist- 293

ently drops by a factor of ~1.3 after dealloying as shown in Figure 7b. 294
E] x107® E’ x1076
.\ ® - Post-deposition (AuAg)
\ Post-dealloying (np-Au) 014 - R R S
> glass
S | S
/ o
§ J § v ® -0 -0 o -0 0 -0 o -0
) )
0.1 v
S S 0.014 v
c c
5 ;BMS @ v .
R ' — v
n ( \ %) & - Post-deposition (total system) M v v M
Post-dealloying (total system)
oo -0 ° o ®-P o A
0.001 §- O Post doateying (oA
¥ - Post-deposition (PODMS)
Post-dealloying (POMS)
0 - 4 6 0.1 1
PDMS thickness (mm) PDMS thickness (mm) 295

Figure 7. Post-deposition and post-dealloying variation in the elastic strain energy in (a) the AuAg 296
and np-Au layers on glass and anchored PDMS of different thicknesses, and (b) the total film-sub- 297
strate system, the AuAg and np-Au films, and the anchored PDMS substrates of varying thick- 298
nesses. The y axis in (a) and both x and y axes in (b) are in log scale. The dashed lines are visual 299
guides only. 300

The horizontal and vertical deformation at the film-substrate interface obtained by 301
the simulation is illustrated in Figure 8. As shown in Figure 8a, the post-dealloying defor- 302
mation at the np-Au/glass interface is very small as expected. Conversely, the deformation 303
at the np-Au/PDMS interface is significantly larger with in-plane (horizontal) compressive 304
deformation and out-of-plane (vertical) deformation. The post-deposition average hori- 305
zontal edge displacement at the np-Au/PDMS interface increases from 1.07 um for 0.05 306
mm-thick PDMS to 1.12 pm to 5 mm-thick PDMS (Figure 8b) and the average vertical 307
edge displacement increases from 0.69 um for 0.05 mm-thick PDMS to 0.94 um for 3.18 308
mm-thick PDMS (Figure 8c). In addition, the post-deposition average horizontal and ver- 309
tical displacements at the AuAg/PDMS interface are slightly larger than the post-dealloy- 310
ing displacements at all PDMS thicknesses (Figure 8b and 8c). 311
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Figure 8. (a) Simulated deformations for post-dealloying states with representative substrate types
of glass, 0.25 mm-thick PDMS and 3.18 mm-thick PDMS. Average (b) horizontal and (c) vertical
post-deposition and post-dealloying edge displacements at the AuAg/PDMS and np-Au/PDMS in-
terfaces as a function of PDMS thickness. The error bars denote standard deviation. The dashed lines
are visual guides only.

4. Discussion

The most prominent differences in the np-Au film morphologies occur between the
np-Au/glass and np-Au/PDMS/glass systems and constitute the main experimental obser-
vation. This is attributed to the difference in the surface stiffness experienced by the metal
thin film deposited on rigid glass versus compliant PDMS with elastic moduli of ~70 GPa
[43] and ~1 MPa [44] respectively. Secondarily, since the PDMS substrate is anchored onto
a glass slide, the thickness of the PDMS also affects the effective elastic modulus of the
substrate as shown in Figure 6. Here, we will separate the discussions into the main effects
(comparison of morphological features between glass and PDMS) and the secondary effects
(comparison of morphological features within different PDMS thicknesses).

4.1. Main effects
4.1.1. More macroscopic cracking in np-Au/PDMS compared to np-Au/glass

As seen in Figure 1, macroscopic cracks start forming in the films on PDMS after
sputter deposition and cracking becomes more significant after dealloying, whereas post-
deposition cracks are absent in the films on glass. Tensile residual stresses up to 110 MPa
were reported in 40 nm-thick sputter-deposited Ag films [45]. As the tensile strengths of
Au and Ag are 100 and 140 MPa, respectively [46], the tensile strength of our alloy film
containing 24 at% Au and 76 at% Ag is estimated to be ~130 MPa with the rule of mixtures
[47]. The residual stress in the as-deposited films possibly exceeds this value as evidenced
by the formation of cracks in the films on PDMS to partially relieve the residual stress.
Intergranular cracking in 100 nm-thick free-standing Au thin films under tensile stress
was previously reported where the cracks extend along multiple grain boundaries (GBs)

312
313
314
315
316
317

318

319
320
321
322
323
324
325
326
327

328
329

330
331
332
333
334
335
336
337
338
339



Nanomaterials 2024, 14, x FOR PEER REVIEW 12 of 20

through GB sliding and shearing [48]. The mechanism of crack formation and extension 340
in the as-deposited AuAg films on PDMS are likely similar where the residual tensile 341
stress drives the cracks along the GBs. However, this process is aided by deformation of 342
the compliant PDMS substrate at the PDMS-metal interface ultimately resulting in dis- 343
crete islands bound by the cracks. Others have observed that cracks in metal thin films 344
can propagate into the compliant PDMS substrate when the metal/PDMS system (not an- 345
chored to a rigid support) is placed under uniaxial tension [49,50]. We expect that sucha 346
mechanism would play a less significant role in relieving strain energy in the system stud- 347
ied here since it is anchored to a rigid glass substrate and no external tension is applied. 348
On the other hand, the absence of cracks in the as-deposited films on glass can be ex- 349
plained by the high elastic modulus of glass (~70 GPa), effectively leading to a zero-dis- 350
placement boundary condition where there is residual tensile stress in the metal film with- 351
out cracking. The residual stress in the as-deposited AuAg films on stiff silicon wafers 352
were measured to be ~100 MPa in a previous study [51]. Our AuAg thin film deposited 353
using the same procedure should result in a comparable residual stress for AuAg. 354

Considerable volume contraction in the np-Au film during dealloying [52] results in 355
tensile stresses which are partially relieved by the formation of cracks [39,53]. A drastic 356
drop of the residual stress from ~100 MPa in the as-deposited AuAg film to only ~20 MPa 357
in the dealloyed np-Au film has been reported [51]. The dealloying-induced stresses to- 358
gether with the post-deposition stress result in crack formation in the np-Au/glass films 359
at different length scales. However, the macroscopic cracks in np-Au/glass occur at a 360
smaller length scale than those on np-Au/PDMS and the crack patterns are different. In 361
the np-Au/PDMS films, the pre-existing macroscopic cracks in the precursor film widen 362
and additional macroscopic cracks appear due to dealloying stresses, resulting in the for- 363
mation of discrete islands which are not observed in np-Au/glass films. 364

4.1.2. More microscopic cracks in np-Au/glass compared to np-Au/PDMS 365

In contrast to the substrate-dependent trend of macroscopic cracks described in the 366
previous section, np-Au/glass films exhibit a higher crack surface coverage compared to 367
the np-Au/PDMS films (Figure 4). The microscopic cracks in the np-Au/glass are distrib- 368
uted uniformly throughout the film, whereas the cracks in np-Au/PDMS films show a 369
hierarchical pattern with the microscopic cracks forming inside the discrete islands, pre- 370
dominantly on the thicker PDMS substrates (discussed further under Secondary Effects). 371

The mechanisms for microcrack formation in the np-Au films differ for glass and 372
PDMS substrates. Initially the thin films in the stack (AuAg, Au, Cr) have similar effective 373
elastic moduli after deposition. After dealloying, the elastic modulus of the top film layer 374
(np-Au) is reduced by approximately four times. The eigenstrain that develops in the np- 375
Au film during dealloying increases the tensile stress in the film overall despite the in- 376
creased compliance of the np-Au, while the compatibility condition at the substrate inter- 377
face subjects the substrate to a compressive stress as evidenced by the increasing defor- 378
mations in PDMS as a function of its thickness (Figure 8). However, the high elastic mod- 379
ulus of the glass means that the glass substrate does not significantly deform to accom- 380
modate the eigenstrains in the np-Au film, causing the residual stress in the np-Au/glass 381
films to surpass the film’s tensile strength and leading to crack formation to release the 382
strain energy (Figure 2b). Conversely, the much lower effective elastic modulus of PDMS 383
(Figure 6b) allows for the compression of PDMS in the plane of film, leading to out-of- 384
plane buckling due to the substantial Poisson effect (observed as large vertical defor- 385
mations in the simulation results in Figure 8c). It is important to note that the simulations 386
do not directly capture the buckling observed in experiments due to the idealized defect- 387
free substrate and metal stack structures. For the actual experimental conditions, imper- 388
fections in the layers initiate buckling (as shown in Figure 10 below). The buckling canbe 389
a lower-energy deformation mode than crack formation and mitigates the microscopic 390
cracks at lower PDMS thicknesses (Figure 2b). However, the increasing out-of-plane buck- 391
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Residual Ag (atomic%)

ling magnitude with PDMS thickness plausibly results in high bending stresses at the con-
vex regions (buckling maxima), leading to the emergence of microscopic cracks in np-Au
on thicker PDMS substrates (discussed further in Section 4.2).

4.1.3. Larger ligament and pore sizes in np-Au/glass compared to np-Au/PDMS

As shown in Figure 5, the ligament widths in np-Au/glass are significantly larger
than those in np-Au/PDMS. It was previously observed that np-AuPd films obtained by
dealloying precursor alloys (AuPdAg) deposited on curved polyimide substrates dis-
played coarser ligaments and less residual silver at convex regions of the substrate [54].
This was attributed to higher local stresses at the convex regions, causing silver to dissolve
faster during dealloying, which exposes the Au and Pd atoms to nitric acid for longer
duration. Increased diffusivity of surface atoms (Au and Pd) coarsens the ligaments [54].
As a corollary to this observation, we hypothesize that the higher tensile stress in thin
films on rigid glass compared to compliant PDMS should have a similar effect. We meas-
ured the residual silver (at%) in np-Au on glass and on PDMS (0.50 and 1.59 mm-thick
PDMS) using EDS. In agreement with our hypothesis, the residual Ag in np-Au was ~4%
lower for glass compared to PDMS (Figure 9a) and there was no statistically-significant
difference between the two extreme PDMS thicknesses (Figure 9b). This suggests that
higher tensile stress in np-Au on glass compared to the PDMS may be playing a role in
the larger ligament thickness for np-Au on the glass substrate.
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Figure 9. Comparison of the average residual silver content after dealloying between (a) np-
Au/glass and np-Au/PDMS, and (b) np-Au/0.50 mm-thick PDMS and np-Au/1.59 mm-thick PDMS.
A p-value of less than 0.05 corresponds to statistically distinct groups. The error-bars show the
standard deviations.

4.2. Secondary effects

As discussed in the previous section, there were significant differences in thin film
morphology between glass and PDMS substrates where the latter has at least two orders
of magnitude lower effective elastic modulus. Although not as prominent, there were also
morphological differences in np-Au films on PDMS substrates as a function of the sub-
strate thickness, and these are referred to as secondary effects. With increasing PDMS thick-
ness, these effects include a marginal decrease in the island widths indicating a higher
density of macroscopic cracks (Figures 2a and 3), an increasing number of microscopic
cracks (Figure 2b and 4), and increasing microscopic crack widths (Figure S10). In general,
these morphological changes are attributed to the decreasing effective elastic modulus of
the PDMS substrate with increasing substrate thickness (Figure 6b). We will focus the dis-
cussion on the emergence of microscopic cracks in np-Au, since the largest morphological
changes are observed at this length scale.
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As mentioned in Section 4.1.2, we attribute the emergence of microcracks in np-Au 429
films on thicker PDMS substrates to increasing buckling due to their decreasing effective 430
moduli (Figure 6b). We hypothesize that np-Au film topography should exhibit larger 431
out-of-plane features as a function of increasing PDMS thickness, reminiscent of the larger 432
buckling amplitudes in precursor AuAg films. We used AFM to characterize topographies 433
of the np-Au films on glass and on PDMS of different thicknesses (Figure 10a). As ex- 434
pected, the rigid glass surface does not exhibit any buckling features. In contrast, the com- 435
pliant PDMS surfaces display buckling-related features with higher out-of-plane magni- 436
tude with increasing PDMS thickness. For the thinner PDMS substrates (0.25 mm, 0.50 437
mm), the buckling amplitude is smaller, and the waveform is smoother (quasi-sinusoidal 438
with less abrupt changes). The out-of-plane magnitudes were reported as a “waviness” 439
parameter which quantifies the longer spatial wavelength component of the surface to- 440
pography and is obtained by filtering out the shorter wavelength component (roughness) 441
using a cut-off wavelength of 4 um [55,56]. The lack of buckling on np-Au/glass is evident 442
by the very low average waviness (Figure 10b). The transition from glass to PDMS results =~ 443
in a sharp rise in the average waviness which increases with increasing PDMS thickness 444
because of the transition from the smoother to sharper waveforms but approaches a plat- 445
eau for the thicker PDMS as shown in Figure 10b. These topographical features are at- 446
tributed to the initial PDMS buckling following deposition-related residual stresses. Upon = 447
dealloying, the collective elastic modulus of the metal stack decreases (since np-Au’s elas- 448
tic modulus is around four times lower than that of precursor AuAg). While this relieves 449
the strain energy in the system (Figure 7) and reduces the compressive deformation (Fig- 450
ure 8), the brittle nature of np-Au at the macro-scale [57] results in microcracks likely at 451
buckle peaks due to tensile bending stresses (Figure 2 and 4). The pre-/post-dealloying 452
buckling in the substrate-supported thin films here has similarities to doubly-clamped 453
free-standing AuAg beams with various buckling amplitudes and the resulting np-Au 454
beams with corresponding residual stresses, reported previously [58]. In that study, pre- 455
scribed buckling of AuAg beams (hence compressive pre-strain due to buckling) compen- 456
sates tensile stress accumulation during dealloying, observed as a reduced occurrence of 457
tensile fracture of np-Au beams. Similarly, PDMS surface buckling is expected to resultin 458
reduced cracking in np-Au films on PDMS compared to those on glass (Figures 2b and 4) 459
for thinner PDMS substrates with smaller buckling amplitudes that results lower localized 460
tensile stresses than the fracture strength of np-Au. For thicker PDMS substrates with 461
larger edge deformations (hence larger expected buckling amplitudes), the localized ten- 462
sile stress at the buckle peaks should be responsible for the microcracks. Finally, the re- 463
sidual buckling in np-Au on 0.50 mm-thick PDMS (Figure 10a) suggests that the compres- 464
sive strain in PDMS (and the resulting buckling) is partially relieved by the reduction in 465
the np-Au elastic modulus upon dealloying (also observed as reduced strain energy in 466
simulations, Figure 7b). 467
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Figure 10. (a) AFM topographies of the np-Au film surface on glass and PDMS of different thick- 469
nesses showing absence of buckling in np-Au/glass and variation of buckling in np-Au/PDMS. (b) 470
Average waviness values of the surface topography of np-Au films as a function of PDMS thickness 471

(zero thickness denotes the glass substrate) obtained by multiple line scans of different np-Au is- 472
lands. 473

As the PDMS thickness (hence effective surface compliance) increases further, the 474
buckling amplitude is expected to increase and possibly exhibit higher order buckling 475
modes, both of which would result in higher local stresses in convex regions. When the 476
buckling amplitude exceeds a critical value, the tensile stress in the np-Au causes the film 477
to rupture at the peaks of the buckles, as shown by others [38]. These ruptures would 478
appear as the large, abrupt, and non-periodic topographical features in np-Au films on 479
thicker PDMS substrates (Figure 10a). Taken together, larger buckling amplitudes results 480
in larger crack widths as a function of increasing PDMS thickness (Figure S10). 481

It is important to note that with decreasing PDMS thickness, the film cracking behav- 482
ior should gradually approach that of glass. This likely occurs around a thickness of 0.01 483
mm at which the effective elastic modulus passes above the modulus of np-Au (showed 484
by the dashed red line in at 20 GPa in Figure 6) resulting in the behavior of a thin film on 485
a stiff substrate. The np-Au films on the thinnest (0.25, 0.50 mm) PDMS substrates in our 486
experiments do not show the crack pattern seen in np-Au/glass films since the PDMS for 487
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Post-deposition

Post-dealloying

these thicknesses is still two orders of magnitude more compliant compared to glass and
hence should not be expected to display np-Au/glass behavior. Figure 11 qualitatively
summarizes the proposed mechanisms of cracking and topographical features among the
film-substrate combinations used in this study.

AuAg
AuAg Adhesion layers

Adhesion layers

AuAg thin PDMS thick PDMS

Adhesicn layers

glass glass glass

Adhesion layers

np-Au
Adhesion |layers

thin PDMS thick PDMS

Adhesion layers

glass glass glass

Case 1: No buckling Case 2: Smaller amplitude buckling Case 3: Larger amplitude buckling

Figure 11. A schematic showing the proposed mechanisms of crack formation in np-Au on rigid
glass and compliant PDMS substrates. On glass (Case 1), there is no buckling at the glass surface
due to the high elastic modulus of glass leading to wedge-shaped anchored cracks with smaller
openings. On PDMS (Case 2 and 3), the crack widths in np-Au are larger due to the lower effective
modulus of PDMS. For the thinner PDMS (Case 2), the buckling amplitudes are smaller in the post-
deposition and post-dealloyed films and are not sufficient to lead to large enough tensile stresses at
the buckle peaks to cause rupture and microscopic cracks. For the thicker PDMS (Case 3), the buck-
ling amplitudes in the np-Au remains large enough to cause cracking at the peaks of the buckles,
leading to microscopic cracks inside the islands surrounded by the macroscopic cracks.

Finally, the negligible changes in the np-Au ligament and pore widths with the vari-
ation in PDMS thickness suggests that there is not a large difference in tensile stress (at
least not large enough to influence silver dissolution or gold surface diffusion) in np-Au
films on varying PDMS thicknesses.

5. Conclusions

The morphology and topography evolution in np-Au thin films at different length
scales on rigid glass substrates was compared to that on compliant PDMS substrates an-
chored to glass supports. In addition, the variation in the film morphology with the
change in PDMS thickness (0.25-3.18 mm) was investigated. There was no crack formation
in the as-deposited films on glass, but cracking occurred at all length scales after dealloy-
ing np-Au on glass. The density of the larger macroscopic cracks for np-Au/glass was on
par with that of the films on the thickest PDMS, though they occurred at a slightly smaller
length scale due to different underlying mechanisms. The average crack area and crack
coverage percentage of the microscopic cracks for np-Au/glass films, however, were more
than two-fold higher than the maximum values for any np-Au/PDMS film. The median
ligament and median pore widths in np-Au/glass were also markedly higher compared
to those in np-Au/PDMS, possibly due to higher tensile stress experienced by the films on
the stiffer glass substrate.

The cracking pattern evolved from rigid glass to compliant PDMS, with the extent of
cracking changing with the variation in PDMS thickness. Unlike the macroscopic cracks
in np-Au/glass, those in np-Au/PDMS formed discrete islands with the island widths de-
creasing with increasing PDMS thickness, indicating an increase in crack density. The mi-
croscopic cracks in np-Au/PDMS showed a similar trend as the macroscopic cracks, with
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the extent of cracking increasing with PDMS thickness. The microscopic cracks were ab-
sent in the films on thinner PDMS substrates, but on thicker PDMS substrates the average
crack area and crack coverage percentage increased by several fold. However, the median
ligament and median pore widths did not exhibit any significant variation with the
change in PDMS thickness.

In summary, by changing the thickness of a compliant substrate and hence modulat-
ing its effective elastic modulus at the substrate-thin film interface, the crack architecture
across different length scales could be engineered for np-Au thin films. It would likely be
possible to fabricate nearly crack-free np-Au films on PDMS by changing the deposition
conditions (e.g., using cryogenic sputtering, or pre-straining the PDMS before sputtering)
to suppress the post-deposition macroscopic cracking in AuAg and by choosing the opti-
mum thickness of PDMS (~ 0.50 mm) to eliminate the microscopic cracks. Thus, the find-
ings here are expected to inform the design of np-Au functional coatings on compliant
substrates for a variety of applications, including wearable sensors.

Author Contributions: Sadi Shahriar: Validation, Formal analysis, Investigation, Writing — Origi-
nal Draft, Visualization. Kavya Somayajula: Software, Formal analysis, Investigation, Writing — Re-
view & Editing, Visualization. Conner Winkeljhon: Software, Writing — Review & Editing. Jeremy
Mason: Conceptualization, Methodology, Writing — Review & Editing, Funding acquisition. Erkin
Seker: Conceptualization, Methodology, Validation, Resources, Writing — Review & Editing, Visu-
alization, Supervision, Project administration, Funding acquisition.

Funding: This work was supported by the National Science Foundation (DMR-2003849).

Acknowledgments: Part of this study was carried out at the UC Davis Center for Nano and Micro
Manufacturing (CNM2). The authors thank Prof. Seung Sae Hong’s research group for their assis-

tance with the AFM characterization of np-Au thin film topography on different substrates.
Conflicts of Interest: The authors declare no conflicts of interest.
References
1. Ding, Y; Chen, M. Nanoporous Metals for Catalytic and Optical Applications. MRS Bull. 2009, 34, 569-576,
doi:10.1557/mrs2009.156.

2. Juarez, T.; Biener, J.; Weissmiiller, J.; Hodge, A.M. Nanoporous Metals with Structural Hierarchy: A Review. Adv. Eng. Mater.
2017, 19, 1700389, d0i:10.1002/adem.201700389.

3. Zhang, J.; Li, CM. Nanoporous Metals: Fabrication Strategies and Advanced Electrochemical Applications in Catalysis,
Sensing and Energy Systems. Chem. Soc. Rev. 2012, 41, 7016, doi:10.1039/c2cs35210a.

4. Zhao, C; Kisslinger, K.; Huang, X.; Bai, J.; Liu, X,; Lin, C.-H.; Yu, L.-C.; Lu, M.; Tong, X.; Zhong, H.; et al. Design Nanoporous
Metal Thin Films via Solid State Interfacial Dealloying. Nanoscale 2021, 13, 17725-17736, d0i:10.1039/D1NR03709A.

5. Detsi, E.; van de Schootbrugge, M.; Punzhin, S.; Onck, P.R.; De Hosson, ].T.M. On Tuning the Morphology of Nanoporous
Gold. Scr. Mater. 2011, 64, 319-322, doi:10.1016/j.scriptamat.2010.10.023.

6. Qiu, H.-J; Peng, L.; Li, X.; Xu, H.T.; Wang, Y. Using Corrosion to Fabricate Various Nanoporous Metal Structures. Corros. Sci.
2015, 92, 16-31, d0i:10.1016/j.corsci.2014.12.017.

7. McCue, L; Benn, E.; Gaskey, B.; Erlebacher, J. Dealloying and Dealloyed Materials. Annu. Rev. Mater. Res. 2016, 46, 263-286,
doi:10.1146/annurev-matsci-070115-031739.

8. Erlebacher, J.; Aziz, M.].; Karma, A.; Dimitrov, N.; Sieradzki, K. Evolution of Nanoporosity in Dealloying. Nature 2001, 410,
450-453.

9. Chen-Wiegart, Y.K.; Wang, S.; McNulty, I.; Dunand, D.C. Effect of Ag-Au Composition and Acid Concentration on Dealloying
Front Velocity and Cracking during Nanoporous Gold Formation. Acta Mater. 2013, 61, 5561-5570.

10.  Weissmiiller, J.; Newman, R.C.; Jin, H.-].; Hodge, A.M.; Kysar, ].W. Nanoporous Metals by Alloy Corrosion: Formation and

Mechanical Properties. MRS Bull. 2009, 34, 577-586, d0i:10.1557/mrs2009.157.

525
526
527
528
529
530
531
532
533
534
535
536
537
538

539
540
541
542
543
544

545

546
547
548

549

550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570



Nanomaterials 2024, 14, x FOR PEER REVIEW 18 of 20

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Hu, K.; Ziehmer, M.; Wang, K.; Lilleodden, E.T. Nanoporous Gold: 3D Structural Analyses of Representative Volumes and
Their Implications on Scaling Relations of Mechanical Behaviour. Philos. Mag. 2016, 96, 3322-3335,
doi:10.1080/14786435.2016.1222087.

Rout, S.; Qi, Z.; Biener, M.M.; Courtwright, D.; Adrien, J.C.; Mills, E.; Shahabuddin, M.; Noginova, N.; Noginov, M.A.
Nanoporous Gold Nanoleaf as Tunable Metamaterial. Sci. Rep. 2021, 11, 1-9.

Hakamada, M.; Kato, N.; Mabuchi, M. Electrical Resistivity of Nanoporous Gold Modified with Thiol Self-Assembled
Monolayers. Appl. Surf. Sci. 2016, 387, 1088-1092.

Fujita, T.; Okada, H.; Koyama, K.; Watanabe, K.; Maekawa, S.; Chen, M.W. Unusually Small Electrical Resistance of Three-
Dimensional Nanoporous Gold in External Magnetic Fields. Phys. Rev. Lett. 2008, 101, 166601.

Dorofeeva, T.S.; Seker, E. In Situ Electrical Modulation and Monitoring of Nanoporous Gold Morphology. Nanoscale 2016, 8,
19551-19556, doi:10.1039/C6NR07237B.

Zandersons, B.; Liihrs, L.; Li, Y.; Weissmiiller, J. On Factors Defining the Mechanical Behavior of Nanoporous Gold. Acta Mater.
2021, 215, 116979.

Li, J.; Tian, C.; Hong, W.; Duan, S.; Zhang, Y.; Wu, W.; Hu, G.; Xia, R. Shock Responses of Nanoporous Gold Subjected to
Dynamic Loadings: Energy Absorption. Int. ]. Mech. Sci. 2021, 192, 106191.

Li, J.; Zhang, Y.; Tian, C.; Zhou, H.; Hu, G; Xia, R. Structurally Ordered Nanoporous Pt-Co Alloys with Enhanced Mechanical
Behaviors in Tension. Microporous Mesoporous Mater. 2020, 295, 109955, doi:10.1016/j.micromeso.2019.109955.

Matharu, Z.; Daggumati, P.; Wang, L.; Dorofeeva, T.S.; Li, Z.; Seker, E. Nanoporous-Gold-Based Electrode Morphology
Libraries for Investigating Structure-Property Relationships in Nucleic Acid Based Electrochemical Biosensors. ACS Appl.
Mater. Interfaces 2017, 9, 12959-12966, doi:10.1021/acsami.6b15212.

Patel, J.; Radhakrishnan, L.; Zhao, B.; Uppalapati, B.; Daniels, R.C.; Ward, K.R.; Collinson, M.M. Electrochemical Properties of
Nanostructured Porous Gold Electrodes in Biofouling Solutions. Anal. Chem. 2013, 85, 11610-11618, d0i:10.1021/ac403013r.
Shulga, O.V.; Zhou, D.; Demchenko, A.V.; Stine, K.J. Detection of Free Prostate Specific Antigen (fPSA) on a Nanoporous Gold
Platform. Analyst 2008, 133, 319-322, d0i:10.1039/B712760].

Xiao, X.; Si, P.; Magner, E. An Overview of Dealloyed Nanoporous Gold in Bioelectrochemistry. Bioelectrochemistry 2016, 109,
117-126, d0i:10.1016/j.bioelechem.2015.12.008.

Li, J.; Markmann, J.; Weissmiiller, J.; Mameka, N. Nanoporous Gold-Polypyrrole Hybrid Electrochemical Actuators with
Tunable Elasticity. Acta Mater. 2021, 212, 116852.

Xue, Y.; Markmann, J.; Duan, H.; Weissmiiller, J.; Huber, P. Switchable Imbibition in Nanoporous Gold. Nat. Commun. 2014, 5,
4237, doi:10.1038/ncomms5237.

Detsi, E.; Onck, P.; De Hosson, J.T.M. Metallic Muscles at Work: High Rate Actuation in Nanoporous Gold/Polyaniline
Composites. ACS Nano 2013, 7, 4299-4306.

Wittstock, A.; Wichmann, A.; Biener, J.; Biumer, M. Nanoporous Gold: A New Gold Catalyst with Tunable Properties. Faraday
Discuss. 2011, 152, 87-98, doi:10.1039/C1FD00022E.

Kim, S.-I; Kim, S.-W.; Jung, K.; Kim, J.-B.; Jang, J.-H. Ideal Nanoporous Gold Based Supercapacitors with Theoretical
Capacitance and High Energy/Power Density. Nano Energy 2016, 24, 17-24.

Chapman, C.AR; Wang, L.; Chen, H. Garrison, J.; Lein, P.J.; Seker, E. Nanoporous Gold Biointerfaces: Modifying
Nanostructure to Control Neural Cell Coverage and Enhance Electrophysiological Recording Performance. Adv. Funct. Mater.
2017, 27, 1604631, doi:10.1002/adfm.201604631.

Seker, E.; Shih, W.-C; Stine, K.]. Nanoporous Metals by Alloy Corrosion: Bioanalytical and Biomedical Applications. MRS Bull.
2018, 43, 49-56, d0i:10.1557/mrs.2017.298.

571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611



Nanomaterials 2024, 14, x FOR PEER REVIEW 19 of 20

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.
44.

45.

46.
47.

48.

49.

50.

Daggumati, P.; Kurtulus, O.; Chapman, C.A.R.; Dimlioglu, D.; Seker, E. Microfabrication of Nanoporous Gold Patterns for
Cell-Material Interaction Studies. J. Vis. Exp. 2013, d0i:10.3791/50678.

Engwall, A.M.; Rao, Z.; Chason, E. Origins of Residual Stress in Thin Films: Interaction between Microstructure and Growth
Kinetics. Mater. Des. 2016, 110, 616-623, doi:10.1016/j.matdes.2016.07.089.

Thornton, J.A.; Hoffman, D.W. Stress-Related Effects in Thin Films. Thin Solid Films 1989, 171, 5-31, doi:10.1016/0040-
6090(89)90030-8.

Vlassak, J.J. Channel Cracking in Thin Films on Substrates of Finite Thickness. Int. ]. Fract. 2003, 119/120, 299-323,
doi:10.1023/A:1024962825938.

Beuth, J.L. Cracking of Thin Bonded Films in Residual Tension. Int. |. Solids Struct. 1992, 29, 1657-1675, doi:10.1016/0020-
7683(92)90015-L.

Ye, T.; Suo, Z.; Evans, A.G. Thin Film Cracking and the Roles of Substrate and Interface. Int. ]. Solids Struct. 1992, 29, 2639-2648,
doi:10.1016/0020-7683(92)90227-K.

Wu, K; Zhang, ].Y.; Liu, G.; Zhang, P.; Cheng, P.M,; Li, J.; Zhang, G.J.; Sun, J. Buckling Behaviors and Adhesion Energy of
Nanostructured Cu/X (X=Nb, Zr) Multilayer Films on a Compliant Substrate. Acta Mater. 2013, 61, 7889-7903,
doi:10.1016/j.actamat.2013.09.028.

Yu, S.; Ma, L.; He, L.; Ni, Y. Hierarchical Crack Patterns of Metal Films Sputter Deposited on Soft Elastic Substrates. Phys. Rev.
E 2019, 100, 052804, doi:10.1103/PhysRevE.100.052804.

Ibru, T.; Kalaitzidou, K.; Baldwin, J.K.; Antoniou, A. Stress-Induced Surface Instabilities and Defects in Thin Films Sputter
Deposited on Compliant Substrates. Soft Matter 2017, 13, 4035-4046, doi:10.1039/C7SM00340D.

Seker, E.; Gaskins, J.T.; Bart-Smith, H.; Zhu, J.; Reed, M.L.; Zangari, G.; Kelly, R.; Begley, M.R. The Effects of Post-Fabrication
Annealing on the Mechanical Properties of Freestanding Nanoporous Gold Structures. Acta Mater. 2007, 55, 4593-4602,
doi:10.1016/j.actamat.2007.03.018.

Gao, W.; Ota, H.; Kiriya, D.; Takei, K; Javey, A. Flexible Electronics toward Wearable Sensing. Acc. Chem. Res. 2019, 52, 523
533, d0i:10.1021/acs.accounts.8b00500.

Wagpner, S.; Lacour, S.P.; Jones, J.; Hsu, P.I; Sturm, J.C.; Li, T.; Suo, Z. Electronic Skin: Architecture and Components. Phys. E
Low-Dimens. Syst. Nanostructures 2004, 25, 326-334, doi:10.1016/j.physe.2004.06.032.

Schindelin, J.; Arganda-Carreras, I.; Frise, E.; Kaynig, V.; Longair, M.; Pietzsch, T.; Preibisch, S.; Rueden, C.; Saalfeld, S.; Schmid,
B.; et al. Fiji: An Open-Source Platform for Biological-Image Analysis. Nat. Methods 2012, 9, 676-682, doi:10.1038/nmeth.2019.
Ashby, MLF. Materials and the Environment: Eco-Informed Material Choice; Elsevier, 2012; ISBN 978-0-12-385972-3.

Seghir, R.; Arscott, S. Extended PDMS Stiffness Range for Flexible Systems. Sems. Actuators Phys. 2015, 230, 33-39,
doi:10.1016/j.sna.2015.04.011.

Hérault, Q.; Gozhyk, I; Balestrieri, M.; Montigaud, H.; Grachev, S.; Lazzari, R. Kinetics and Mechanisms of Stress Relaxation
in Sputtered Silver Thin Films. Acta Mater. 2021, 221, 117385, doi:10.1016/j.actamat.2021.117385.

Ross, R.B. Metallic Materials Specification Handbook; Springer Science & Business Media, 2013; ISBN 978-1-4615-3482-2.
Karunaratne, M.S.A.; Kyaw, S.; Jones, A.; Morrell, R.; Thomson, R.C. Modelling the Coefficient of Thermal Expansion in Ni-
Based Superalloys and Bond Coatings. ]. Mater. Sci. 2016, 51, 4213-4226, doi:10.1007/s10853-015-9554-3.

Hosseinian, E.; Gupta, S.; Pierron, O.N.; Legros, M. Size Effects on Intergranular Crack Growth Mechanisms in Ultrathin
Nanocrystalline Gold Free-Standing Films. Acta Mater. 2018, 143, 77-87, doi:10.1016/j.actamat.2017.10.004.

Douville, N.J.; Li, Z; Takayama, S.; Thouless, M.D. Fracture of Metal Coated Elastomers. Soft Matter 2011, 7, 6493,
doi:10.1039/c1sm05140g.

Thouless, M.D.; Li, Z.; Douville, N.J.; Takayama, S. Periodic Cracking of Films Supported on Compliant Substrates. ]. Mech.
Phys. Solids 2011, 59, 1927-1937, d0i:10.1016/j.jmps.2011.04.009.

612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644
645
646
647
648
649
650
651
652
653



Nanomaterials 2024, 14, x FOR PEER REVIEW 20 of 20

51.

52.

53.

54.

55.

56.

57.

58.

Seker, E.; Reed, M.; Begley, M. A Thermal Treatment Approach to Reduce Microscale Void Formation in Blanket Nanoporous
Gold Films. Scr. Mater. 2009, 60, 435438, doi:10.1016/j.scriptamat.2008.11.027.

Parida, S.; Kramer, D.; Volkert, C.A.; Rosner, H.; Erlebacher, J.; Weissmiiller, J. Volume Change during the Formation of
Nanoporous Gold by Dealloying. Phys. Rev. Lett. 2006, 97, 035504, doi:10.1103/PhysRevLett.97.035504.

Sun, Y.; Balk, T J. Evolution of Structure, Composition, and Stress in Nanoporous Gold Thin Films with Grain-Boundary Cracks.
Metall. Mater. Trans. A 2008, 39, 2656-2665, d0i:10.1007/s11661-008-9625-z.

Li, W.-C,; Balk, T.J. Effects of Substrate Curvature on Dealloying of Nanoporous Thin Films. Scr. Mater. 2009, 61, 1125-1128,
doi:10.1016/j.scriptamat.2009.09.003.

Raja, J.; Muralikrishnan, B.; Fu, S. Recent Advances in Separation of Roughness, Waviness and Form. Precis. Eng. 2002, 26, 222—
235, doi:10.1016/S0141-6359(02)00103-4.

Zeng, Q.; Qin, Y.; Chang, W.; Luo, X. Correlating and Evaluating the Functionality-Related Properties with Surface Texture
Parameters and Specific Characteristics of Machined Components. Int. ]. Mech. Sci. 2018, 149, 62-72,
doi:10.1016/j.ijmecsci.2018.09.044.

Biener, J.; Hodge, AM.; Hayes, ].R.; Volkert, C.A.; Zepeda-Ruiz, L.A.; Hamza, A.V.; Abraham, F.F. Size Effects on the
Mechanical Behavior of Nanoporous Au. Nano Lett. 2006, 6, 23792382, doi:10.1021/n1061978i.

Seker, E.; Gaskins, ].T.; Bart-Smith, H.; Zhu, J.; Reed, M.L.; Zangari, G.; Kelly, R.; Begley, M.R. The Effects of Annealing Prior
to Dealloying on the Mechanical Properties of Nanoporous Gold Microbeams. Acta Mater. 2008, 56, 324-332,
doi:10.1016/j.actamat.2007.08.048.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-
thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671

672
673
674



