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ABSTRACT: A thermally shrinkable and conductive nano-
composite material is prepared by supersonic cluster beam
implantation (SCBI) of neutral Au nanoparticles (Au NPs)
into a commercially available thermo-retractable polystyrene
(PS) sheet. Micronanowrinkling is obtained during shrinking,
which is studied by means of SEM, TEM and AFM imaging.
Characteristic periodicity is determined and correlated with
nanoparticle implantation dose, which permits us to tune the
topographic pattern. Remarkable differences emerged with
respect to the well-known case of wrinkling of bilayer metal−
polymer. Wrinkled composite surfaces are characterized by a
peculiar multiscale structuring that promises potential technological applications in the field of catalytic surfaces, sensors,
biointerfaces, and optics, among others.
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Surface wrinkling is a self-organization phenomenon in
which the surface of a stiff plate (or a “skin”) coupled to a

soft elastic substrate rearranges in wavy topographical features
(wrinkles) when subjected to compressive stress exceeding a
certain critical threshold.1−3 The wavelength and the amplitude
of the surface periodic structures depend on the intrinsic
mechanical properties of the materials composing the bilayer
system, on their thickness and on the amount of strain.4 Surface
wrinkling, driven by mechanical instability, is widely observed
in natural systems such as human skin or fruits and leaves of
plants, the physical mechanisms underlying it have been widely
investigated.5,6 The exploitation of surface wrinkling for the
micro- and nanopatterning of surfaces has also been
demonstrated recently as in view of different applications,7,8

as well as a metrology technique for the characterization of the
mechanical properties of thin films.9 Microwrinkling has been
demonstrated on the surface of shrinkable thermoplastics (e.g.,
commercially available films of thermoretractable polystyrene
(PS) or polyolefins) subjected to heating. Wrinkled metallic
surfaces obtained by depositing a metal film on shrinkable
thermoplastics were reported by Khine and co-workers10 and
used as substrates for fluorescence enhancement.11,12 Micro-
and nanowrinkling was also successfully applied for the
culturing and alignment of embryonic stem cells13 and for
the development of superhydrophobic and antibacterial
surfaces.14 Wrinkling of thermoretractable PS with a Pd thin

film was used by Greco et al. for the development of a low-cost
resistive hydrogen sensor.15 The same group then reported
wrinkling of the conductive polymer PEDOT:PSS on top of PS
to obtain smart biointerfaces able to direct cell alignment and
provide a means for their electrical/electrochemical stimula-
tion.16 Recently, a wrinkled surface composed of a thin (100
nm) film of pyrite (FeS2) nanocrystals deposited on shrink-
wrap film by spray coating has been presented as catalytic
surface via Fenton chemistry for oxidative footprinting analysis
of proteins.17

Polymer−metal nanocomposites are considered key ingre-
dients for the fabrication of electronic skin, soft robots and
smart touch sensors,18,19 thus the micro- and nanopatterning of
their surfaces would be highly beneficial for these applications;
however, surface wrinkling of polymer nanocomposites
embedding nanoparticles has not been demonstrated so far.
This is mainly due to the intrinsic difficulty in producing
nanocomposite systems able to shrink or to embed nano-
particles in preformed shrinkable materials without significantly
altering their properties.
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Here we present a thermally shrinkable nanocomposite
material obtained by supersonic cluster beam implantation
(SCBI) of neutral Au nanoparticles (Au NPs) into a
commercially available thermo-retractable polystyrene (PS)
sheet (Polyshrink). By SCBI neutral metallic clusters are
supersonically accelerated toward the surface of a target
polymer film (Figure 1a).20 The cluster kinetic energy is
sufficient for implantation, while avoiding electrical charging
and thermally induced modification of the polymeric
substrate.21 SCBI of metal nanoparticles in elastomers or
thermoplastic polymers has been recently demonstrated as an
efficient method for the microfabrication of flexible and
stretchable conductive circuits and electrodes.20−22

After the implantation of Au nanoparticles (size distribution
3−10 nm) into the thermo-retractable polystyrene to produce
an electrical conducting nanocomposite “skin” of AuNPs/PS
(Figure 1c), we investigated surface wrinkling of the nano-
composite induced by thermal shrinking of the material at 40%

of its original lateral dimension (Figure 1b). Isotropic surface
wrinkling (biaxial 2D) was obtained on samples by inducing
thermal shrinking at T = 160 °C for 6 min. By mechanically
confining the shrinking of the material, we imposed the
alignment of wrinkles along a given direction, creating
anisotropic (uniaxially aligned, 1D) surface patterns (Figure1b).
We produced different nanocomposite samples with

increasing nanoparticle implantation doses. We define an
equivalent thickness teq, as the thickness of the cluster-
assembled film resulting from the same amount of implanted
nanoparticles deposited on a hard substrate (e.g., glass) (see the
Supporting Information). The equivalent thickness for the
three different implantation doses investigated was varied in the
range 8−15 nm.
Au nanoparticles were implanted to a depth of 70−80 nm

below the surface (TEM image, Figure 1c). Such implantation
depth, (the thickness of effective skin of nanocomposite
AuNPs/PS) is considerably larger than the equivalent thick-

Figure 1. (a) Schematic view of AuNPs implantation process with SCBI apparatus. Neutral Au NPs (cluster size range 3−10 nm) are produced in a
cluster source and accelerated by a carrier gas in a supersonic expansion. After being focused by a series of aerodynamic lenses the clusters beam
impacts on the surface of a thermo-retractable PS sheet. (b) Scheme of thermally induced shrink processes for obtaining 1D and 2D wrinkling. TEM
images of cross sections of AuNPs/PS composite (eq thickness, teq = 15 nm) cut by an ultramicrotome: (c) flat (not shrunk) sample; (d) 1D
wrinkled sample.
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ness. Figure 1d shows the same sample after uniaxial shrinking.
Along with formation of wrinkles, the implanted skin
experienced a rearrangement: the implanted nanoparticles
were compacted by compressive forces acting during the
thermal shrinkage.
Upon thermal annealing and the subsequent shrinking, we

observed the wrinkling of the nanocomposites (Figure 2):
investigation of the surface by means of SEM and AFM imaging
clearly evidenced the formation of wrinkles with submicro-
metric spatial periodicity and topographic reliefs over the whole
implanted surface.
By comparing samples with identical implantation doses (teq

= 15 ± 2 nm) but different shrinking conditions (no shrink, 1D
shrink, 2D shrink) it is possible to appreciate the evolution of
wrinkling and how it is affecting sample topography (Figure 2a-
f). Interestingly, nanoscale roughness/porosity is evidenced in
SEM images at higher magnification (inset of Figure 2b, c), and
is related to the size of metal clusters and gaps between
adjacent clusters. The superposition of features at different
scales, namely the nanostructuring (given by the cluster

arrangement of nanocomposite) combined with the micro-
structuring (driven by wrinkling), is interesting in view of
different applications, such as the development of catalytic
surfaces for sensing, energy harvesting or also for optics.23

We compared wrinkled implanted nanocomposites with Au/
PS bilayer with gold layers of similar thickness deposited by
sputter coating (no implantation).10 In the latter case, the
“skin” which is subjected to wrinkling is a quite uniform and
stiff metal layer that is deformed by compression when the
substrate (PS) is heat-shrunk. The gold layer act as a solid
barrier which does not permit any flow of the PS (a viscoelastic
fluid at at T = 160 °C, that is well above its glass transition
temperature Tg ≈ 100 °C) toward the surface; a sharp
boundary between PS and wrinkled Au is reported.10 On the
contrary, in our nanocomposite, such mass flow is allowed
(especially at low implantation dose), so that wrinkles are well-
embedded and partially buried down in PS, as visible in TEM of
cross-sections (Figure 1d). As an important implication,
incorporation of wrinkled conductive skin in the material
causes a very strong adhesion. These observations are further

Figure 2. Micronanostructure and topography of nanocomposite with SCB-implanted Au NPs (teq = 15 nm). SEM images of (a) flat, (b) 1D
wrinkled, and (c) 2D wrinkled samples; scale bar 10 μm (magnified inset scale bar 300 nm). AFM imaging and height profiles of (d) flat, (e) 1D
wrinkled, and (f) 2D wrinkled samples. Scale bar 1 μm.
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confirmed by the AFM profiles reported in Figure 2 e, f: instead
of a quasi-sinusoidal profile, as one could expect to be formed
by a wrinkling phenomenon, only an half-wave profile is
observed, with a peak-to-valley amplitude that is lower than the
full amplitude of wrinkles, as observed in TEM images.
By varying the nanoparticle implantation dose, we were able

to tune the surface topographical patterns as well as to
modulate the electrical conductance G of the nanocomposite.
The latter showed an evolution corresponding to a sharp
increase (5−6 orders of magnitude) with increasing the
implantation dose (Figure 3b), as a result of increased

connectivity of implanted conductive particles.21 Shrinked
samples exhibited even better electrical conductivity, with ca.
20−50 times improvement of conductance of 2D wrinkled
samples with respect to the flat. Moreover, 1D wrinkled
samples showed anisotropic electrical behavior. Conductance
measured along perpendicular direction to wrinkles (i.e., the
direction on which shrink was allowed during sample
preparation) had a similar improvement as observed in 2D
samples, while only a ca. 10 times conductance improvement
with respect to flat was assessed along parallel direction to
wrinkles.
Average surface roughness Ra of flat (not shrunk) samples, as

measured by AFM images analysis, was almost unaffected by
increasing the implantation dose. On the other hand, roughness
Ra remarkably increased with implantation dose (equivalent
thickness) in the case of shrunk nanocomposites, as a result of
surface wrinkling (Figure 3a). Noteworthy, by increasing the
implantation dose (i.e., the equivalent thickness) no significant
change in implantation depth was observed (data not shown);
this result is in agreement with previous findings of nano-
particle implantation in PDMS, in which implantation depth
was found to be larger (∼120 nm), because of its lower
modulus, 100 kPa, with respect to polystyrene, 1−2 GPa, and
independent of implantation dose.22

On the contrary, the observed wrinkling behavior strongly
depends upon the implantation dose: as implantation dose was
varied (5 < teq < 15 nm) features with distinctly different
characteristic size were obtained. A collection of SEM, AFM,
and TEM images of samples at all the different teq and shrinking
geometries are reported in the Supporting Information (Figure
S1−S3). Noteworthy, the grainlike structure of the nano-
composite made of individual clusters is better emerging in

Figure 3. (a) Surface roughness Ra and (b) conductance G of SCB-
implanted nanocomposites with different shrinking geometries (flat
(not shrunk), circle; 1D wrinkled, triangle; 2D wrinkled, square) as a
function of Au NPs teq (implantation dose).

Figure 4. Uniaxially wrinkled (1D) nanocomposites: tunability of surface topography with implantation dose/equivalent thickness of SCB-implanted
AuNPs. AFM images and corresponding FFT modulus of 1D samples at different eq thickness: (a) teq = 8 nm (scale bar 1 μm), (b) teq = 10 nm
(scale bar 2 μm), (c) teq = 15 nm (scale bar 5 μm). (d) Relative frequency distributions of wrinkle wavelength λ, as estimated by AFM: teq = 8 nm
(top panel), teq = 10 nm (middle), teq = 15 nm (bottom). (e) Average wrinkle wavelength λ as a function of teq: comparison among SCBI Au-NPs
composites (black solid triangles), bilayer with sputter-coated Au thin films (open triangles) and theoretical prediction from eq 1 (circles).2 Linear
fits are represented with lines.
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samples at lower teq, because of the lower amount of implanted
AuNPs. To investigate the effects on wrinkling of increasing
implantation dose we performed a quantitative analysis on
AFM profiles (Figure 4a−c) to evaluate wrinkles alignment and
to extract characteristic periodicity (wavelength) of wrinkles in
the case of 1D samples. FFT of AFM images (inset of Figure
4a−c) highlight the anisotropic nature of wrinkling with good
alignment of wrinkles along vertical direction for all the studied
samples. Furthermore, in our analysis, we measured the
wavelength λ as the distance between neighboring peaks in
the AFM profiles and reconstructed the distribution of
measured λ in order to describe heterogeneity of the wrinkling.
By increasing the implantation dose the λ distribution
broadened and shifted toward larger values (Figure 4d).
Notably all the samples were characterized by nanowrinkling
with median values of distributions varying from 130 to 300
nm, and distribution ranging from some tens of nanometers (teq
= 8 nm) up to 680 nm (teq = 15 nm). It is important to notice
that such values are among the lowest ever reported for
wrinkling.
Deeper insight in these results can be gained by a

comparison with experimental results of wrinkling obtained in
the case of Au films deposited on top of PS by means of sputter
coating (not implanted), and with predictions of a model for
wrinkling. By considering the common model that describes
wrinkling on an elastic substrate, spatial periodicity of wrinkles
along the surface plane (characteristic wavelength λ) is
determined solely by the thickness and by intrinsic material
properties of the “skin” film and the soft substrate2
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where t is the thickness of the film, E is the Young’s modulus, ν
is the Poisson ratio, f and s subscripts denote film and substrate,
respectively.
Figure 4e reports the trend of characteristic λ as a function of

nanoparticle equivalent thickness. Values of λ predicted by eq 1
are also reported; the material parameters used in calculation
were taken from available literature and were Ef = 60 GPa, νf =
0.33 for sputter-coated Au,24,25 and Es = 20 MPa, νs = 0.45 for
PS (at T = 160 °C, that is, the temperature at which shrinking is
operated and wrinkles are generated).26,27

A remarkable difference in λ is observed between Au
implanted nanocomposite and sputter coated Au with similar
thickness on top of identical PS substrates. These results further
confirm the hypothesis that the effective implanted skin layer
has the properties of a nanocomposite. Indeed, by considering
eq 1, λ ∝ (Ef/Es)

1/3, wrinkle wavelength depends on intrinsic
properties of the materials: the ratio of elastic moduli of film
and substrate. Thus, the finding of smaller λ and different slope
in the case of implanted AuNPs is an indirect evidence for the
formation of a skin layer whose elastic modulus is lower than a
continuous Au film and higher than PS. This is in accordance
with the behavior of a nanocomposite whose modulus is a
combination of moduli of constituent materials. The not
perfect accordance of predictions of eq 1 with experimental
data found in the case of sputter coated Au samples is explained
taking into account several factors: (i) model of eq 1 is based
on the assumption of a perfectly elastic substrate, which is not
the case for PS (at T > Tg) whose behavior is rather affected by
viscoelasticity; (ii) data of E and υ taken from literature (Au,
PS) must be considered as “order of magnitude” estimate: there

are no available data on the materials used in this research, at
same thickness; (iii) as regards sputter coated ultrathin Au film,
it is known to have a transition in physical properties (elastic
modulus, electrical resistivity) exactly in the thickness range of
interest (5−15 nm), because of its grain structure and
discontinuity during growth, which is completely avoided
only at thickness >13−15 nm.16,24

In conclusion, we reported the fabrication and character-
ization of a metal−polymer nanocomposite which creates
surface wrinkles at the micro and nanoscale on large areas upon
shrinking. Implantation of Au NPs by SCBI in a commercial
shrinkable thermoplastic material permitted to avoid its
modification upon implantation, thus maintaining the relevant
properties of the polymer matrix and of its surface, while
imparting electrical conductivity. Surface characterization by
means of SEM, AFM, and TEM permitted us to obtain a clear
view of wrinkle formation and highlight the relevant differences
between such a system and common wrinkled bilayers of
metal/polymer. Notably, because of the nanocomposite nature
of the implanted “skin”, wrinkles are partly buried down into
the material. By changing the implantation dose, we were able
to follow and to control the corresponding evolution of
wrinkling, as well as the electrical conductivity of the
nanocomposite. Relevant improvement of conductive proper-
ties was observed upon shrink-induced wrinkling, with
anisotropic behavior in the case of aligned wrinkles. The
combination of features at the nanoscale and at hundreds of
nanometer scale of the nanocomposite and the possibility to
tune them by changing the amount of implanted nanoparticles
are unique and they could open the way to several applications
requiring multiscale integration and organization of periodic
structures in the field of optics, biointerfacing, sensing, and
microfabrication.
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