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ABSTRACT: Thickness in sub-10-nm metal film deposition is a seldom explored parameter that can influence not only the film
mechanical properties but also the surface functional characteristics. In this study, we designed bilayer systems comprising Au on a
poly(dimethylsiloxane) (PDMS) substrate to reveal a unique thickness-mediated surface morphology evaluation phenomenon. Our
results show that, within a specific range of elastic modulus of the selected PDMS substrate, surface wrinkling starts when the
deposited theoretical Au thickness is around 0.2 nm, reaches a maximum deformation at thickness 1−2 nm, and disappears when the
thickness is equal to or larger than 8 nm. The thickness-mediated wrinkling on and off suggest that film thickness can strongly impact
the patterns observed on soft elastomers. This finding indicates that what we observed may not be the intrinsic surface properties but
rather thickness-controlled wrinkling. Using 2 nm Au deposition as a highly sensitive nondestructive testing method, a potential
application for identifying surface defects on solid surfaces is proposed.
KEYWORDS: ultrathin metal film, thickness-dependent modulus, elastic modulus, wrinkles, nondestructive testing

■ INTRODUCTION
With the advances of nanotechnology, ultrathin (<10 nm)
metal films have become increasingly important for a wide
range of applications including photovoltaic cells,1,2 optoelec-
tronic devices,3,4 plasmon-enhanced spectroscopy,5,6 optical
biosensing,7,8 and transparent conductors.9−11 For instance,
the state-of-the-art transparent conductors rely critically on the
indium tin oxide (ITO) films.4,12 However, the utilization of
ITO as the transparent electrode suffers from challenges such
as high cost,13−15 intrinsic brittleness,16,17 and high refractive
index.18 The ultrathin metal film with tailored conductivity,
mechanical robustness, and high optical transparency can serve
as a promising candidate for ITO-free organic optoelectronic
devices.4,19 Numerous investigations have been carried out
focusing on the adhesion, morphology, and electrical and
optical performances of ultrathin metal film.1,4,20,21 The film
thickness in ultrathin metal film deposition, which influences
the resulting mechanical properties as well as surface
characteristics, has rarely been studied.

For ultrathin films, the surface-to-bulk ratio is much higher,
and therefore their mechanical properties are distinct from
those of bulk materials.22−24 Although some theoretical models
have been derived for estimating the thickness dependence of
elastic modulus in ultrathin metal films, experimental
demonstration of the evolution of elastic modulus with film
thickness is still challenging.23,24 First, conventional mechanical
tests cannot be directly applied to ultrathin metal films.
Moreover, the nanoindentation method that is widely used for
measuring the mechanical properties of metal films is not very
useful in testing the ultrathin films, because the influences from
the substrates are remarkable.25 Due to the lack of under-
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standing of the relationship between film thickness and elastic
modulus in ultrathin metal films, ultrathin-film thickness has
seldom been correlated to surface mechanical responses nor
acted as a tool for surface mechanical property control.
In this work, in the case of ultrathin Au film deposition on

polydimethylsiloxane (PDMS), we find that film thickness is an
unexpected parameter that can be used to modulate the surface
morphology by switching on and off surface wrinkling.
Theoretical analyses are carried out to correlate this wrinkling
on and off phenomena with the evolution of elastic modulus in
an ultrathin Au film. Atomistic modeling and molecular
dynamics simulation are also employed to investigate the
elastic modulus of ultrathin Au films. The experimental and
simulation results agree with each other and reveal the

evolution tracks of wrinkling in the ultrathin Au films. The
thickness-mediated wrinkling evolution indicates that the film
thickness can significantly impact the outcome of the
experimental characterization of soft polymer surfaces. We
also show that this thickness-dependent variation of the sub-
10-nm film can work as a highly sensitive detector in multiple
practical applications.

■ RESULTS AND DISCUSSIONS
Switching Surface Wrinkling on and off by Control-

ling Film Thickness. It is known that wrinkles appear on the
surface when the compressive stress in a bilayer system due to
property mismatch reaches critical buckling stress (σcrit).26,27
Metal deposition on the soft polymer is frequently used to

Figure 1. Substrate elastic modulus and film-thickness-mediated surface wrinkling. (a) An inserted schematic diagram shows the process of
fabricating surface wrinkles. The 3D plot shows the effects of Young’s modulus of PDMS and Au thickness on the surface roughness. Three
distinctive regimes of PDMS Young’s modulus are identified: Regime I with low modulus where surface wrinkles always occur; Regime II with
moderate modulus where surface wrinkling is controlled by the film thickness; Regime III with high modulus where no wrinkles appear. The sample
that is cured at room temperature is named P20. Samples that are treated in 40, 60, 80, and 100 °C are named P20−40, P20−60, P20−80, and
P20−100, respectively. Samples that are diluted with 5 wt %, 10 wt %, and 20 wt % diluters are named P20−5%, P20−10%, and P20−20%,
respectively. (b) The detailed wrinkle evolution on PDMS with Young’s modulus of 203 kPa. The plot shows the depth profiles along the
midsection lines of the AFM images. The size of the AFM images is 5 × 5 μm.
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create surface wrinkles.26,28−30 To describe the wrinkling
caused by thermal contraction after metal deposition, eqs 1
and 2 can be used to estimate the critical stress σcrit for wrinkle
formation and the wavelength (λ) of the formed wrinkles26
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where E is Young’s modulus, ν is Poisson’s ratio, and t is the
metal film thickness and subscripts s and p refer to the stiff
surface layer and the soft elastomer substrate, respectively.
Equation 1 shows that the buckling stress and wrinkle
formation are independent of the film thickness. Equation 2
indicates that the wavelength of the wrinkle scales linearly with
film thickness.
The finding in this work starts with a demonstration of the

dependence of surface wrinkling on the PDMS elastic modulus
after Au deposition. Wrinkling shall occur when the
compressive stress generated in the film has reached the
critical value (eq 1). It is evident that increasing the elastic
modulus of the substrate increases the threshold for wrinkling.
We monitor the wrinkling of Au film by varying Young’s
modulus of PDMS in a range of 65−1055 kPa (the elasticity of

PDMS and the Au thickness are carefully controlled; see
Supplementary Sections1−2). Three distinctive regimes of the
PDMS elastic modulus are identified, as exhibited in Figure 1a.
In regime I with an elastic modulus lower than 190 kPa, surface
wrinkling always occurs. In regime III with an elastic modulus
higher than 352 kPa, no surface wrinkles appear, and surface
roughness remains unchanged. The selective appearance of
surface wrinkles in these two regimes is a good example of
using substrate modulus as a known degree of freedom to
modulate buckling response (Supplementary Section 3).
Surprisingly, in addition to regimes I and III, there is an
unexpected regime II with a moderate elastic modulus, which
provides a new degree of freedom, namely, the deposited metal
thickness, for modulating the surface structures in particular to
enable switching-on and -off surface wrinkling.
Samples located in regime II with an elastic modulus of 203

kPa are scrutinized to elaborate on how the surface
morphology evolves with film thickness, as shown in Figure
1b. The surface sample (P20 in Figure 1b) before the
deposition is smooth from our previous study.31 The surface
turns rough after Au is deposited, reaching the largest surface
deformation with Au thickness around 1−2 nm (Figure 1b).
Unexpectedly, the subsequent increase in Au thickness reduces
the surface roughness and the surface wrinkling is switched off
after 8 nm Au is deposited. Initially, when the Au thickness is
below 1 nm (i.e., 0.2 and 0.5 nm), the deposited Au is
composed of particle clusters. The compression stress

Figure 2. The mechanism behind film thickness-controlled wrinkling on/off. (a) Illustration of the competition between the surface buckling
resistance (critical stress) and buckling driving force (compressive stress) in the top surface layer as a function of Es/Ep. (b) The modulus variation
zone with associated scenarios (b-I)−(b-III) depicts the three different regimes I−III shown in Figure 1a. A “buckling-on” region between
thicknesses t1 and t3 is clarified for regime II. (c) The method that is used for verifying the wrinkling-on/-off phenomenon is caused by the film
thickness change.
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generated in the system is more concentrated in the
surroundings of the clusters. Inhomogeneous folds and
wrinkles emerged at the regions with concentrated stress 32.
The homogeneous film is formed after 1 nm Au is deposited,
and then the uniform biaxial compression leads to labyrinth-
like wrinkles.26 According to eq 2 as well as the experiences
from other reports, wrinkles keep evolving accompanied by an
increase in the wavelength and depth with an increase in the
film thickness.26,32,33 Highly unexpected, however, here upon
further deposition of Au, when the film is thicker than 8 nm,
wrinkles are switched off and surface smoothness is recovered.
This finding indicates that there exists an unexplored
parameter affecting surface instability in the ultrathin metal
layer deposition.34

Thickness-Mediated Wrinkling Revealing Thickness-
Dependent Modulus in Ultrathin Film. Variation of
surface layer elasticity with the ultrathin film thickness is
responsible for the unusual morphology evolution observed in
regime II. The equal-biaxial compressive stress (σ) caused by
the mismatch of thermal expansion coefficients (α) can be
calculated26

=
E T

v

( )( )

1
s p s

s (3)

where ΔT is the temperature change in the bilayer system. By
using eqs S3 and S4, Supplementary Section 4 and taking ΔT
as a constant, we plot the competition between the normalized
compressive and critical stress in the surface layer (σ/Ep and
σcrit/Ep) as a function of Es/Ep in Figure 2a. When the two
curves cross, a critical buckling point, Es/Ep = x0, can be
identified. It should be noted that for a given PDMS substrate
and ΔT, from x0 we can infer whether the elastic modulus of
the surface layer is sufficient to cause buckling. We note that
the surface layer in metal deposition begins with a composite
of PDMS and Au particle clusters and gradually forms a
continuum Au layer. It is reasonable to assume that Es is a
function of the deposition thickness, starting from Es/Ep = 1
and ending at Es/Ep = Ebulk/Ep (Ebulk is the bulk elastic
modulus of the metal) when the deposited film is sufficiently
thick.23 We further assume that there is a peak value of the
elastic modulus of the surface layer, Es, max > Ebulk. Detailed
discussions about the variation of Es/Ep during deposition are
given in Supplementary Sections 5−6. The existence of the
unique variation zone can explain the three regimes now
reformulated in Figure 2a. For the sake of simplicity, let us
define xm = Es, max/Ep, and xb = Ebulk/Ep. Figure 2b depicts three
alternatives. When Ep is very large and thus x0 > xm, it indicates
that the compressive stress is smaller than the critical buckling
stress and surface wrinkling will not be possible (Figure 2b-

Figure 3. The relationship between Au thickness and elastic modulus through atomistic modeling and molecular dynamics simulation. (a)
Representative thin film with a periodic simulation box. Three Au structures with various lattice orientations (100), (110), and (111) are
systematically investigated and compared. The thicknesses of the Au films range from 2 to 320 lattice units. (b) The elastic modulus of the ultrathin
Au films is plotted as a function of the film thickness. The inset indicates the uniaxial loading direction of the tension tests in the simulations. The
color areas adjacent to the three solid curves indicate the standard deviations of the results.
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III). For the case with small Ep and x0 < xb, the compressive
stress in the surface layer is so large that it will always cause
wrinkling (Figure 2b-I). On the contrary, surface wrinkling will
occur at first and then be switched off gradually upon further
deposition if the condition xb ≤ x0 ≤ xm is satisfied (Figure 2b-
II). In regime II, surface roughening starts at a film thickness of
t1, attains a maximum amplitude at t2, and the roughness is
switched off at t3 (t3 > t2 > t1). The increment of Δt = t3 − t1 is
a useful indicator for controlling the thickness window where
the roughness can be switched on. For instance, we obtain that
t1 = 0.2 nm, t2 = 2 nm, and t3 = 8 nm for our substrate sample
P20. By increasing the elastic modulus of PDMS, taking the
P20−40 sample for example, the variation zone of Es/Ep
reduces, and the “switched-on” window becomes narrower
(Δt′ < Δt, Supplementary Figure S14). Supplementary Figure

S5 shows that the P20−40 surface starts wrinkling at 0.2 nm
deposition and returns to smooth after the deposition of 5 nm
Au, which agrees well with the discussion above. Further
increasing the elastic modulus of PDMS will suppress the
surface roughness. In parallel, by decreasing Young’s modulus
of PDMS, the variation range of Es/Ep expands and the
“switching-on” window turns wider (Δt′′ > Δt, Supplementary
Figure S14). Further decreasing the elastic modulus of PDMS
will move toward regime I where surface wrinkling and
roughness are always observed.
To further verify that the wrinkling-on/-off phenomenon is

attributed to the film thickness instead of the deposition time,
surfaces are deposited with the method shown in Figure 2c. In
this case, the deposition thickness can be tuned within the
same deposition time by modulating their distance to the Au

Figure 4. The thickness-dependent wrinkling behaviors and their applications. (a) The curve that correlates the thickness of the ultrathin Au film
with wrinkling behaviors. The high likelihood of wrinkles on soft polymer surfaces after depositing different thicknesses of the metal thin film is
indicated by the red color with scaling bar. (b) Polymer surface morphology by depositing varied thickness of Au. The scale bar is 10 μm. (c)
Enabling the wrinkling of a polymer surface by depositing thin Au and their potential in nondestructive testing. The schematic diagram and
examples of the testing process are described using P20 and subsequent 2 nm Au deposition. (d) Three substrates are tested: the silicon wafer, the
silica glass, and the polystyrene dish (from left to right). The surface morphologies that can reveal the defects of substrates are given. (e) The
transmittances of P20 peeled from various substrates are compared. The size of the AFM images is 10 × 10 μm.
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target. By elevating the PDMS from a standard deposition
position (S0) to S1 and S2 shown in Figure 2c, thicker Au can
be deposited on the surfaces. After a targeted 5 nm (the
thickness at S0) deposition, we compared the surface
appearances from different locations. As shown by the curve
in Figure.2c, we can see that the surfaces after deposition
gradually turn smooth from S0 to S2. The surface roughness
evolution trend indicates that the elastic modulus of the Au
film gradually decreases with increasing thickness after 5 nm.

Relationship between Atomistic Au Thickness and
Elastic Modulus. Atomistic modeling and molecular dynam-
ics simulation are used to elucidate the dependence of the
elastic modulus of ultrathin Au films on their thickness. As
shown in Figure 3a, perfect Au films with face-centered-cubic
(FCC) lattice structures are constructed for this purpose. All
the films have an area of 20 × 20 cubic lattice units and are
periodic in the plain directions (x- and y-axis of the simulation
box shown in Figure 3a). The thicknesses of Au films range
from 2 to 320 lattice units, corresponding to 0.816, 1.224,
1.632, 2.04, 2.448, 3.264, 4.08, 8.16, 16.32, 32.64, 65.28, and
130.56 nm. For each thickness, three films with lattice
orientations of (100), (110), and (111) along the x-axis
direction of the simulation box are built for uniaxial tension
tests. The length of the box in the z-axis is at least five times
the thickness of the ultrathin films to avoid atomistic
interactions across the periodic box boundary, as shown by
the empty spaces in the simulations box in Figure 3a. During
the tensile tests, stress and strain in each film are collected for
quantifying the elastic modulus (EAu). The relationship
between calculated EAu and film thickness (0−10 nm) is
shown here, and the others are given in Supplementary Section
7) in three systems are shown in Figure 3b. Additionally, a bulk
Au crystal consisting of periodic 20 × 20 × 20 cubic lattice
units is used for comparison, the elastic modulus of which
obtained by the same simulation procedure is denoted as Ebulk.
The calculated Ebulk values for lattice orientations of (100),
(110), and (111) are 38.0, 69.1, and 72.0 GPa, respectively.
Obviously, for the (100) orientation, the EAu gradually
increases with increasing film thickness. The films with the
(110) orientation along the x-axis show decreased trend in
modulus with increasing Au thickness. Interestingly, the elastic
modulus of Au with lattice orientations of (111) along the x-
axis increases at first and then decreases with further increases
in film thickness. With large film thickness (>60 nm as
indicated in Supplementary Figure S16), the bulk modulus of
each orientation is generally approached and maintained.
In a thin metal film deposition on an amorphous substrate,

the growth of grains with (111) texture is generally favored
over the growth of grains with other orientations in FCC
materials such as gold.35 This can be attributed to that (111)
planes have minimum surface energy for free surfaces and
interfaces without reacting with the underneath substrates.36

Experimental results also confirmed that 25 nm Au film growth
on SiO2 had a strong (111) peak which indicated the growth of
grains at lattice orientations of (111) in ultrathin films.37

Therefore, the elastic modulus evolution in the lattice
orientation of (111) shows the representative thickness-
dependence in the ultrathin Au film. It is fair to say that the
simulation results suggest EAu of ultrathin Au film increases at
first and then decreases with the increase of Au thickness. With
the results shown in Figure 3b, there exists an EAu, max at a
thickness of 1.224 nm in an ultrathin Au film. The result agrees

with the observation in the above experiments that 1 ∼ 2 nm
Au films have the highest modulus.
Notably, thickness-dependent modulus evolution can be

reproduced using other metals. In extra experiments of
depositing ultrathin Pt/Pd on P20, the thickness-dependent
wrinkling, -on/-off, is also discovered. The surface of P20 starts
wrinkling at 0.2 nm deposition and returns to smooth after 3.5
nm Pt/Pd is deposited (Supplementary Figure S17). There-
fore, the predictable wrinkling behaviors by metal deposition
can be a universal method to control the surface morphology
of ultrathin metal films.

Utilizing Thickness-Dependent Modulus of Ultrathin
Au Film for Multiple Applications. With the above
analyses, in the case of ultrathin Au depositing on PDMS,
we know that wrinkling is expected to occur with 1−2 nm Au
deposition and is less possible to happen with Au thickness
approaching 10 nm (Figure 4a). The control of surface
smoothness and roughness on demand is of substantial
interest,38,39 in particular in revealing the true surface
properties.
On the one hand, maintaining the smoothness of a polymer

surface after metal deposition is essential for subsequent
surface detection. Thicker Au with a lower elastic modulus is
suggested to avoid surface wrinkling. Scanning electron
microscopy (SEM) is commonly used to evaluate surface
morphology, in which metal coatings in the range of 1−10 nm
are needed to detect nonconductive materials. The influence of
metal deposition on the surface morphology has often been
ignored. Figure.4b shows two SEM images for P20−40 with
arrays of pores after 1 and 10 nm Au deposition, respectively.
The surface with 10 nm Au deposition reveals a smooth
surface. However, the surface with 1 nm Au deposition
develops unwanted wrinkles. The surface wrinkles can lead to
misinterpretation of the surface structures of PDMS. In this
regard, to reveal the true surface morphology of soft materials
through SEM, the coating thickness of metal should be
carefully chosen to avoid misinterpretation of the wrinkles
generated by sputtering deposition, or better deposition
guidelines should be introduced.
On the other hand, enabling the deformation of a polymer

surface after metal deposition can act as a useful technology for
nondestructive testing. Au with the highest elastic modulus
around 1−2 nm is suggested to enhance surface wrinkling. The
scenario of utilizing the wrinkling behaviors of 2 nm Au
deposition for nondestructive testing is proposed in Figure 4c.
Solid surfaces (such as glasses and plastics) are generally not
perfectly smooth, containing invisible defects/inhomogene-
ities. Direct observation of surface defects remains a challenge.
By coating P20 onto a solid substrate, the defect on the solid
surface can influence the assembly of the polymer at the
contact area in the curing process. As a result, the defect will
create an imprint on the contacted polymer surface after
PDMS solidification. The imprint is invisible; however, it can
affect the subsequent wrinkling behaviors. Irregular wrinkles
were found on P20 surfaces at the imprint area after 2 nm Au
deposition. Therefore, one can locate the defect on the solid
with information provided by surface wrinkles. We show the
demonstrations of three solid surfaces, the silicon wafer
surface, the silica glass surface, and the polystyrene dish
surface, which are tested by the proposed procedure.
Obviously, after deposition, homogeneous wrinkles are
observed on P20 peeled off from the silicon wafer, while
irregular wrinkling regions are observed on P20 peeled off from
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silica glass and polystyrene dish (Figure 4d). The results
indicate that the surface of the silicon wafer is smoother than
the surfaces of silica glass and a polystyrene dish. The irregular
wrinkles resulted from the imprints on P20. Consequently, the
corresponding defects/inhomogeneities on the silica glass or
polystyrene dish surfaces can be detected. Notably, the above
process avoids direct measurement of the solid surfaces, which
minimizes the possible damage of the surface structures in
contactable testing. Moreover, the PDMS can be coated onto
and peeled off surfaces easily even with surface curvatures,
hence providing an effective strategy for detecting solids with
complex shapes. We also show that the transparencies of P20
coatings that are peeled off from various substrates are different
from each other (Figure 4e). Generally, high transmittance is
desired for PDMS films in various optical applications.40−42 To
date, the effects of substrates on PDMS transparency have not
been realized. With the curves in Figure 4c, we can conclude
that the smoothness of the substrates greatly determines the
transparency of fabricated PDMS films. PDMS fabricated on
silicon wafers shows higher transmittance than that on silica
glass or polystyrene dish surfaces. Previous discussions have
pointed out that surface defects will influence the assembly of
polymer chains during PDMS curing at the contacted area.
Subsequently, inhomogeneous regions are formed at the side
in contact with the substrate with defects. Therefore, to obtain
PDMS with high transparency, perfect surfaces like silicon
wafers are suggested to be used as substrates.

■ CONCLUSIONS
In this work, through depositing sub-10-nm Au on a PDMS
substrate with appropriate elastic modulus, a thickness-
dependent wrinkling phenomenon is reported. The wrinkling
behaviors on the surfaces after deposition are strongly
correlated with the film elastic modulus. By increasing the
thickness of Au, the surface follows a pattern of wrinkling on,
reaching maximum deformation, and wrinkling off after a
specific thickness is achieved. Supported by abundant
experimental results and theoretical analyses, we conclude
that the Young’s modulus of the Au film is closely related to
film thickness. Molecular dynamics simulation reveals the same
modulus dependence on the Au film thickness. We also show
that a precise understanding of the modulus evolution and the
corresponding wrinkling on surfaces can potentially lead to
various novel applications. On the one hand, well-controlled
Au deposition thickness should be taken into consideration in
experimental characterization to avoid surface wrinkling for the
purpose of revealing the true surface characteristics. On the
other hand, enabling surface wrinkling with 2 nm Au
deposition can provide a powerful tool for nondestructive
testing. We believe that the visualized evidence of the
thickness-dependent modulus in ultrathin Au films not only
can improve the understanding of the mechanical properties of
ultrathin metal films but also can promote the usage of
ultrathin metal films in practice.

■ MATERIALS AND METHODS
Materials Synthesis. Polydimethylsiloxane (PDMS) with differ-

ent elasticity is synthesized as soft substrates in the bilayer system.
PDMS prepolymer (Sylgard 184, Dow Corning) and curing agent are
mixed in a weight ratio of 10:1. The final mixtures are degassed in a
vacuum chamber and then placed at room temperature (20 °C) for 51
h to obtain cured PDMS, namely P20. To achieve PDMS with higher
Young’s modulus, samples after curing for 50 h are transferred into an

oven with various temperatures and held for 1 h. Samples treated at
40, 60, 80, and 100 °C are named as P20−40, P20−60, P20−80, and
P20−100, respectively. To achieve PDMS with lower Young’s
modulus, diluent (DOWSIL OS-20, Dow Corning) is introduced
into the mixture of PDMS prepolymer and curing agent. Diluent with
mass contents of 5 wt%, 10 wt%, 20 wt%, and 40 wt% to the PDMS
prepolymer is added into the mixtures and are named P20−5%, P20−
10%, P20−20%, and P20−40%, respectively. Diluted samples are
cured by the same process of P20. PDMS with holes is fabricated by
coating a liquid mixture on the template. The microstructure of the
template is shown in Figure S26. The silicon wafers with pillars are
silanized with trichloro(1H,1H,2H,2H-perfluoroocty)silane (Sigma-
Aldrich) in a vacuum chamber for 8 h before coating. After curing and
peeling off PDMS from the silicon wafer, P20−40 with microholes are
obtained. In the process of nondestructive testing, silicon wafer, silica
glass, and polystyrene dish are first washed with ethanol (Sigma-
Aldrich) before P20 coating. The P20 films on the three substrates are
fabricated with the same method above. The thickness of all PDMS is
controlled at 1.82 ± 0.02 mm.

Metal Deposition. PDMS is cut into the size of 1 cm × 1 cm and
put into a vacuum chamber of sputter coater (208 HR B,
Cressington) incorporated with MTM-20 High-Resolution Thickness
Controller for sputtering deposition; the resolution of the controller
exceeds 0.1 nm. The metal target is ∼ 60 mm above the sample
surfaces. The metal targets of Au and Pt/Pd were used in this work.
The argon gas pressure and sputtering current are fixed at 0.02 mbar
and 20 mA. The tooling factor of the MTM-20 controller used is 1.8.
The density for Au deposition is 19.30 g/cm3, and the density for Pt/
Pd deposition is 19.52 g/cm3. The sputtering rate is 0.15 nm/s. To
investigate the thickness-dependent modulus of the ultrathin metal
film, the top surfaces of PDMS without contact with substrates are
used for Au deposition to ensure their smoothness. On the contrary,
the bottom surfaces of PDMS that are in contact with substrates are
taken to Au deposition for nondestructive testing.

Characterization. The mechanical properties of PDMS are
measured through quasi-static nanoindentation tests in a Tri-
boIndenter 950 (Hysitron, Inc.) by using a cylindrical diamond flat
punch with 53.70 ± 0.06 μm diameter. Thicknesses of the PDMS are
measured by a digimatic micrometer (Mitutoyo, ID-C112GB). The
surface topographies and three-dimensional information are recorded
by Atomic Force Microscopy (AFM, Dimension Icon, Bruker) using a
ScanAsyst in air mode. The average roughness, average depth, and
wavelength are calculated from AFM images using the methods
described in the previous study.31 The morphologies of silicon wafers
with pillars and PDMS with holes are characterized by a field-emission
scanning electron microscope (FEI APREO SEM).

Simulation. The Large-scale Atomic/Molecular Massively Parallel
Simulator (LAMMPS) package is chosen to perform all the molecular
dynamics simulations.43 The well-calibrated Au embedded atom
method (EAM) potential44 is chosen for describing the interactions
between Au atoms, which is confirmed to yield accurate mechanical
properties of the Au.45 The time step is set as 1 fs in all simulations.
The NVT ensemble (constant number of particles, constant volume,
and constant temperature) is applied in the simulations. Specifically, a
Nose-́Hoover thermostat with a damping time constant of 100 is used
to control the temperature (298 K). The uniaxial stress loading is
performed by extending the corresponding box length with a constant
strain rate of 1.0 × 1010 s−1. The uniaxial tensile loading on each
ultrathin Au film stopped at a strain value of 0.01.
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