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M
otivated by interesting biological
surfaces observed in nature, re-
searchers have extensively inves-

tigated hierarchical nanostructures by
presenting various biomimetic systems.1,2

Hierarchical nanostructures have helped to
create outstanding physicochemical prop-
erties over a large scale, leading to a broad
range of applications in surface chemistry,3

optical structures,4 or biomedical devices.5

Recent studies have suggested applications
for high capacity energy devices based on
the utilization of their structural character-
istics, with which maximized surface area
and highly interconnected structures could
be achieved.6�8 While such hierarchical
nanostructures have received much atten-
tion due to exquisite structural controllability
and superior physical properties, they also
have the disadvantages of requiring a
complex fabrication process, such as high-
resolution photolithography or intricate che-
mical synthesis.
As an alternative to overcome this draw-

back, a means to form spontaneous struc-
tures has been attempted, wherein various
physical interactions are directly harnessed
to generate hierarchical nanostructures.9

Representative examples include interfacial
self-assembly of micro- or nanodroplets or
capillarity-driven construction of hierarchi-
cal structures.10,11 The surface wrinkling
phenomenon is another case of sponta-
neous structure formation.12,13 When a
stacked multilayer film comprising materi-
als with different mechanical properties is
placed in a mechanically unstable condi-
tion, compressive stress subsequently accu-
mulates within the film. If the magnitude of
this stress exceeds the critical value, spon-
taneous surface wrinkling occurs to reduce
the system's energy. The resulting wrinkled
structures can be manipulated to hierarch-
ical structures according to the magnitude

or duration of the applied compressive
stress.14,15

Alternatively, layer-by-layer (LbL) as-
sembled polyelectrolyte multilayer (PEM)
film is capable of creating a spontaneous
wrinkling phenomenon.16 Polyelectrolyte
multilayer films can be constructed via

sequential depositions between oppositely
charged polyelectrolyte chains, wherein the
electrostatic interactions are elaborately
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ABSTRACT

A mechanical or physical change observed in nanocomposite thin films has recently offered
new opportunities to generate intriguing nanostructures. In this study, we present a novel
means of creating a hierarchically developed nanoflake structure by exploiting surface
wrinkles that occur during the incorporation process of metallic nanoparticles into layer-by-
layer assembled polyelectrolyte multilayer (PEM) thin films. The PEM film composed with
linear polyethylenimine (LPEI) and poly(acrylic acid) (PAA) allows for facilitated cationic
exchange reaction within the film even after the electrostatic complexation and chemical
cross-linking reaction. The subsequent reduction process induces an in situ complexation of
metallic nanoparticles with a PEM matrix, causing an accumulation of lateral compressive
stress for surface wrinkling. The wrinkling characteristics of the complexed films can be
theoretically interpreted by employing the gradationally swollen film model, whereby a
gradual change in the elastic property along the axial direction of the film can be appropriately
reflected. In addition, wrinkled surfaces are further processed to form vertically aligned and
hierarchically ordered nanoflakes after selective removal of the PEM matrix with plasma
ashing. Consequently, superhydrophobic surface properties (water contact angle = 170�,
sliding angle <1�) can be attained from the hierarchical nanoflake structure. The method
presented here is advantageous in that large-scale preparation can be readily implemented by
a stepwise dipping process without resorting to specific patterning or a serially applied
complex structuring process, which can provide a promising platform technique for various
surface engineering applications.

KEYWORDS: hierarchical nanostructures . wrinkling . layer-by-layer assembly .
polyelectrolyte multilayers . superhydrophobic surface
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manipulated to control the thickness, composition, or
internal structure of the assembled film. Due to the
robustness and large-scale applicability of the LbL
assembly process, PEM films have been widely used
for various applications.17 Notably, PEM films can also
bring about surface wrinkles in response to environ-
mental changes, such as thermal or swelling-induced
expansion of the films. Since the assembled films are
tightly bound to the underlying substrate, a strong
compressive stress is generated as a counterbalanced
response to the film expansion, yielding surface wrin-
kling. Due to the random and disordered structures of
surface wrinkles, previous research on PEM wrinkling
has focused on instability analysis to suppress the
occurrence of wrinkling in the system.18,19 Recently,
however, beneficial aspects of PEM wrinkling have
been exploited in practice for a novel metrology of
measuring the mechanical properties of the PEM thin
films or to create complex patterned and orderedwavy
structures.20�22 Nevertheless, large-scale hierarchical
structuring of wrinkled PEM films has not yet been
explored.
In this study, we present a novel means of generat-

ing and controlling the hierarchically wrinkled struc-
tures on polyelectrolyte multilayer surfaces. To induce
surface wrinkling, Ag nanoparticles are incorporated
into chemically cross-linked yet water-swollen PEM
films by means of cationic exchange and subsequent
reduction reactions. Such a complexation of reduced
Ag nanoparticles with a polyelectrolyte multilayer
matrix causes significant stress accumulation that then
results in surface wrinkling. While conventional wrink-
ling systems can be characterized by discrete layers of
different mechanical properties of the films, the PEM
wrinkling of interest here deals with a nondiscrete
single layer, wherein the degree of complexation of
Ag into a swollen PEM film varies with the diffusion
depth of the cationic exchange reaction, which is
accompanied by a gradational change in mechanical
properties. Therefore, a different approach that can
be discerned from conventional theoretical analysis is
required.
In addition, when the plasma-ashing process is

applied to the polyelectrolyte/Ag complexed surface
and the polymeric matrix is selectively removed, it can
be expected that the hierarchically textured Ag nano-
structures will remain on the surface. Since Ag nano-
structures are sequentially reduced from the top surface
of the polyelectrolyte multilayer matrix penetrating
down into the inner film along the direction of cationic
diffusion, structures of wedge-like nanoplates or nano-
flakes are formed with a hierarchical order. Therefore,
after the surface is chemically modified with a fluori-
nated species, the resulting surface shows superhydro-
phobic characteristics, on which the water contact
angle reaches 170� and the sliding angle is less than 1�.
The proposed nanostructuring method based on the

spontaneous surface wrinkling can provide large-scale
production capability, as well as tunability over struc-
tural characteristics; thus, a variety of applications are
possible, such as functional coatings, optical films, and
microfluidic devices.

RESULTS AND DISCUSSION

Figure 1 shows a procedure to fabricate hierarchical
nanoflake structures by inducing the surface wrinkling
of a polyelectrolyte/Ag composite, followed by plasma
ashing of the polymeric matrix. In this study, we used
a polyelectrolyte pair of linear polyethylenimine (LPEI)
and poly(acrylic acid) (PAA), in which the notable inter-
diffusion characteristics and complementarily modi-
fied internal binding of polyelectrolyte chains facilitate
the incorporation process withmetallic Ag species.23,24

Since the nontreated LPEI/PAA multilayer film is sus-
ceptible to dissociation caused by Ag ion impregna-
tion, the LPEI/PAA multilayer film is cross-linked
overnight with 1-ethyl-3-(3-dimethylaminopropyl) car-
bodiimide hydrochloride (EDC) treatment to strength-
en the mechanical stability of the film.25,26 In the
experiment, the surface of the polyelectrolyte multi-
layered film is first treated with a deposition of nega-
tively charged PAA to allow for the impregnation of
positively charged Ag ions into the inner film. This
cationic exchange reaction occurs when LPEI/PAA
multilayered film is immersed in the silver acetate

Figure 1. Schematic illustration of the generation of the
hierarchical nanoflake structure of Ag using surface wrin-
kling of polyelectrolyte/Ag complexed thin films. Sequen-
tial procedures consist of polyelectrolyte multilayer film
deposition, cationic exchange and Ag reduction, surface
wrinkling, plasma ashing for nanostructuring, and super-
hydrophobic surface modification.
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solution, wherein the carboxyl groups in PAA strongly
attract Ag ions.27 The accumulated Ag ions are then
reduced to Ag metal nanoparticles with a dimethyl-
aminoborane (DMAB) reducing agent. Since the con-
centration of Ag ions is higher in the surface region,
a relatively rigid polyelectrolyte/Ag composite layer
is formed on the film surface after the Ag reduction
process.
When the procedure of cationic exchange and sub-

sequent reduction is repeatedly applied to the film, the
Ag content in the surface region gradually increases,
which brings about stress accumulation due to volume
expansion. However, since the polyelectrolyte/Ag
composite film is strongly adhered to the substrate,
the volumetric expansion generates a lateral compres-
sive stress, thereby leading to surface wrinkling with
wavelength ranges on the order of micrometers. A
plasma-ashing process is then applied to the polyelec-
trolyte/Ag composite film for selective removal of the
polymeric phase. The resulting Ag structures exhibit
plate-like orflake-likemorphological characteristicswith
sizes ranging from several tens to hundreds of nano-
meters. Therefore, a hierarchically ordered nanoflake
structure is generated on the surface in a combination
with micrometer-scale wrinkles. Although the plasma-
treated surface generally shows hydrophilic character-
istics due to an excessive generation of hydroxyl groups,
the nanoflake structure can be readily modified to a
hydrophobic surface after treatment with fluorinated
chemicals.28 Therefore, one can expect to obtain super-
hydrophobicity based on the hierarchically developed
surface structures.
Structural characteristics of the hierarchical nano-

flake structure can be preemptively controlled by the
size of the surface wrinkles. As has been generally
confirmed in conventional wrinkling studies, a varia-
tion in the film thickness is mainly responsible for the
size of the wrinkling wavelength.29�31 Figure 2 shows
a tendency of the wavelength change in response
to the number of polyelectrolyte depositions. Two-
dimensional atomic force microscopic (AFM) images
show a monotonic increase in the characteristic wrink-
ling wavelength in accordance with an increase in the
film thickness. The randomness of surface wrinkles can
be verified by isotropic ring patterns manifested in the
fast Fourier transform (FFT) analysis. Also, a decrease in
the ring diameter of FFTs indicates gradual growth in
the wrinkling wavelength. In experiments, the onset of
surface wrinkling has been specifically observed at
three time repetitions of cationic exchange and sub-
sequent reduction, at which point the critical wrinkling
stress was reached. When the film thickness is thin
(8 bilayer depositions), the system requires a greater
critical stress for wrinkling.32 Therefore, a relatively
small amount of residual stress that is exempt from
the critical wrinkling stress is available for surface
wrinkling, which rendersmorphologically spinodal-like

small wrinkles that correspond to an early stage of the
wrinkling. On the other hand, when the film is thick
(more than 12 bilayer depositions), a relatively large
amount of residual stress can allow for wrinkling,
leading to formation of well-developed surface wrin-
kles with labyrinthine structures.
Notably, the inner structure of the polyelectrolyte/

Ag composite film used in this study cannot be char-
acterizedwith discrete layers like those in conventional
wrinkling systems. Rather, since the fractional compo-
sition of Ag in the film gradationally varies, a nondis-
crete and indistinguishable interface is considered,
as shown in the schematic in Figure 3A. In order to
verify the gradationally varying distribution of Ag, we
observed evolutionary changes in the film cross sec-
tions in response to an increase in the number of Ag
reduction cycles. As revealed in serial scanning elec-
tron micrographs shown in Figure 3B, an initial film
with a thickness of 320 nm (11 bilayers of LPEI/PAA)
gradually grew to 450 and 650 nmwhen increasing the
Ag reduction number to three and five cycles, respec-
tively, which is indicative of volumetric expansion due
to the incorporation of reduced Ag. Also, the observa-
tion of cross sections illustrates the formation of an
indistinguishable interface between the top and bot-
tom regions of the film, as well as the growth of surface
wrinkles. Therefore, the conventional understanding
of the wrinkled system as being separately composed
of a rigid capping layer and a soft underlying layer
cannot be applied to this system; in turn, traditional
linear stability analysis cannot be directly employed for
theoretical interpretation.33�35 In order to elaborate on
this specific wrinkling case, we investigate a wrinkling

Figure 2. Effect of film thickness (number of polyelectrolyte
multilayer deposition) on the resulting wrinkling wave-
length. Two-dimensional AFM images of surface wrinkles
(50 μm � 50 μm, z-scale is 200 nm) with varying LbL
deposition number of LPEI/PAA multilayers. The insets
(FFT) reveal a gradual increase in wrinkling wavelength.
The corresponding characteristicwrinklingwavelengths are
0.84μmfor 8bilayers, 1.56μmfor 10bilayers, 1.95μmfor 12
bilayers, and 2.80 μm for 14 bilayers.
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model for a gradationally swollen system wherein the
mechanical properties of the films vary vertically in
response to the degree of film swelling.36 Our system is

substantially analogous to the case of swollen film
wrinkling because the mechanical properties of the
polyelectrolyte/Ag composite films can be manipu-
lated by the interpenetration depth of Ag ions during
the cationic exchange reaction. Therefore, after a
reduction to Ag nanoparticles, a compositional change
according to the degree of Ag incorporation follows
the Ag ion concentration that varies gradationally
within the films. In addition, similar to the swelling-
induced osmotic pressure that drives wrinkling in the
swollen film model, the nanoparticle-incorporation-
induced pressure brings about surface wrinkling in this
system. Therefore, on the basis of the model of surface
waves with vertical stretching, wrinkling instability in
the swollen films can be associated with the compres-
sive surface pressure (p) as follows:36,37

p ¼ E
1=2
t

kh

3
� E

1=2
b

1
kh

� �2
þ 2
3
(EtEb)

1=2 (1)

Also, the critical surface pressure (pc) and correspond-
ing wrinkling wavelength (λc) for the first mode wrink-
ling instability can be expressed as

pc ¼ 2
3
(EtEb)

1=2, kc ¼ 2π
λc

¼ Eb
Et

� �1=4 ffiffiffi
3

p

h
(2)

where E is Young's modulus, k is the wavenumber, λ is
the characteristic wrinkling wavelength, and h is the
film thickness. The subscripts “t” and “b” represent
the top surface region and the near-substrate region,
respectively. As shown in Figure 3C, theoretically esti-
mated characteristics of the wrinkling wavelength
based on a model of the swollen film instability agree
well with the experimental results. However, the tradi-
tionalmodel of bilayerwrinkling (gray shaped region in
Figure 3C) shows the underestimated wave-growth
characteristics compared to those from the gradation-
ally swollen film model.38

While the modulus of the surface region in the
gradationally swollen film model is much smaller than
that of the bottom region due to the aqueously swollen
environment,36 in this system, the Young's modulus of
the upper region in the polyelectrolyte/Ag composite
film is greater than that of the lower region. In addition,
while the swollen film model deals with mechanically
soft characteristics, the chemically cross-linked matrix
of the LPEI/PAA multilayer film exhibits relatively rigid
characteristics. However, in spite of this contrasting
nature, the onset of both cases can be attributed to the
same instability condition in which the accumulated
stress or compressive surface pressure is dissipated
through bending deformation of the system by creat-
ing sinusoidal surface waves. In the case of swelling-
induced osmotic pressure, the surface layer of gels is
aqueously swollen and softened (softening due to the
inclusion of low-modulus water), leading to volumetric
expansion of the surface and subsequent wrinkling.

Figure 3. Wrinkling instability analysis based on the grada-
tionally swollen film model. (A) Schematic of the gradation-
ally varying modulus in the polyelectrolyte/Ag complexed
films. Due to the incorporation of reduced Ag, volumetric
expansion is amplified along the axial direction and reaches
the maximum at the surface. (B) Cross-sectional SEM ob-
servation for the volumetric expansion of the polyelectro-
lyte/Ag complexed films. Initially, 11 bilayered film of LPEI/
PAA is swollen and expanded with increasing Ag reduction
number. (C) Plot of characteristic wrinklingwavelengthwith
respect to film thickness of LPEI/PAA polyelectrolyte multi-
layers after three cycles of Ag reduction. A solid red line is
added to clarify the effectiveness of the gradationally
swollen film model for this system. Error bars indicate the
standard deviation. The gray-shaded region accounts for
the estimated wavelength values based on the traditional
bilayerwrinklingmodel. Theupper dashed line corresponds
to a pure Ag top layer (Em ∼ 83 GPa), and the lower one
corresponds to a complexed Ag top layer (Em ∼ 17.2 GPa).
(D) Plot of wrinkling amplitude with respect to film thick-
ness of LPEI/PAA polyelectrolyte multilayers. The dotted
line represents the estimatedwrinkling amplitude based on
the traditional bilayer wrinkling model, and the solid red
line is the best fit of the measured amplitudes. Error bars
indicate the standard deviation.
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In parallel, for a system governed by nanoparticle-
incorporation-induced pressure, polyelectrolyte films
are subject to complexation and are hardenedwith the
incorporation of Ag nanoparticles (hardening due to
the complexation with high-modulus Ag), which yields
volumetric expansion of the surface and subsequent
wrinkling.
Another advantage of employing the gradationally

swollen film model for wrinkling analysis is that the
mechanical properties of the polyelectrolyte/Ag com-
posite film can be estimated by eq 2. According to the
best fit result obtained from Figure 3C, the modulus
ratio between the upper rigid and lower soft regions
of the complexed film is found to be approximately 20,
for which the theoretical model well matches the
experimental results. Since the upper region is the
complexed phase between cross-linked polyelectro-
lyte chains and reduced Ag, it is difficult to estimate the
corresponding Young's modulus therein. On the other
hand, the lower region near the substrate rarely in-
cludes Ag nanoparticles; thus, the local elastic property
is mainly governed by the mechanical modulus of the
polyelectrolyte multilayers. The Young's modulus of
the polyelectrolyte multilayers can be estimated by
means of “strain induced elastic buckling instability for
mechanical measurements” (SIEBIMM).20,39,40 For this,
an LPEI/PAA multilayer-deposited polydimethylsilox-
ane (PDMS) substrate is subjected to an external
compressive strain to generate surface wrinkles, from
which the elastic modulus of the LPEI/PAA complexed
thin film can be estimated (Supporting Information 1).
Measurements are conducted in an aqueous environ-
ment to reflect the swollen condition of the complexed
films. As a result, a relatively large Young's modulus of
860 MPa is obtained for the swollen LPEI/PAA multi-
layered film, which can be attributed to the chemical
cross-linking effect in the film having undergone EDC
treatment. Therefore, the expected 20-fold difference
indicates that the effective Young's modulus of the
upper complexed surface reaches 17.2 GPa, which
seems reasonable considering the complexed condition
between the polyelectrolyte multilayer matrix and Ag
nanoparticles. The validity of applying the gradationally
swollen film model can be better understood from the
comparative studies presented in the Supporting Infor-
mation 2.
Surface instability analysis for a system with grada-

tionally varying mechanical properties was also inves-
tigated with a bifurcation analysis and corresponding
numerical calculation.41 Such an approach deals with a
model system wherein plasma-induced oxidation and
wrinkling occur on a thick PDMS substrate by means
of oxygen diffusion, creating the graded mechanical
properties in the surface region. This gradational
change has been considered to have a diffusion profile
either with an exponential or error function, which
strongly differs from the conventional system with

nongraded homogeneous films. We also took estima-
tions from the bifurcation analysis to obtain the mod-
ulus ratio between the upper rigid and lower soft
regions, resulting in a similar value to that from the
previously used swollen film model; the modulus ratio
was in the range between 20 and 35 (Supporting
Information 3). However, since this approach is as-
sumed to have an infinite substrate thickness
(substrate thickness . wrinkling wavelength), the
swollen film model employed in this study is believed
to be more appropriate for analysis. Nevertheless,
it is important to note that theoretical models that
deal with the graded mechanical properties can well
explain the wrinkling behaviors in experiments. In
particular, they can propose a reasonable value for
the estimation of the modulus ratio (Et/Eb ∼ 20),
whereas it is highly overestimated for conventional
approaches considering discrete layers (Supporting In-
formation 2).
Along with the correlation between film thickness

and the resulting wrinkling wavelength, we investi-
gated the amplitude growth characteristics with re-
spect to film thickness. Since the appropriate
amplitude formula is not available for the gradationally
swollen film model, the equilibrium amplitude
adopted from a bilayer wrinkling model is considered
as follows:33

Aeq ¼ ht

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
2

N

Nc
� 1

� �s
(3)

where N and Nc are the membrane force and critical
membrane force for wrinkling, respectively, and ht is
the thickness of the top layer. In this system, wrinkling
occurs spontaneously when the applied compressive
stress exceeds the critical wrinkling stress, thus, we
assume that the ratio of N to Nc is equal to 1.05, which
agreeswith the amplitude growth characteristic for the
region of relatively thin films. However, as shown in
Figure 3D, the estimated amplitude deviates severely
from experiments as the thickness of the underlying
polyelectrolyte multilayer increases. This change is
possibly due to the fact that the wave amplifica-
tion becomes prominent along the axial direction
with film thickening. Since the volume expansion
by the nanoparticle-incorporation-induced pressure
is maximized at the surface (Figure 3A), the undulation
by surface wrinkling is accordingly maximized and
amplified, resulting in a nonlinearly increasing be-
havior in the wrinkling amplitude with increasing film
thickness.
With a comprehensive understanding of estimated

mechanical properties for the complexed film, the
degree of complexation of Ag can be inferred by
means of the modified Halpin�Tsai model.42�44 This
relationship is useful for estimating the elasticmodulus
of the composite materials, in which filler species are
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incorporated into a matrix material.

Ecomp

Em
¼ 1þ ξηφ

1 �jηφ ,
ξ=

7 � 5νm
8 � 10νm ,

η ¼ (Ef=Em) � 1
(Ef=Em)þ ξ

j ¼ 1þφ[(1 � φm)=φ
2
m] (4)

where Ecomp, Ef, and Em represent the Young's moduli of
the composite, filler, and polymermatrix, respectively; νm
is Poisson's ratio, ξ is the shape parameter, η is the
Halpin�Tsai parameter that reflects the modulus ratio
between the filler and matrix, φ is the volume fraction of
filler, and φm is the maximum volumetric packing frac-
tion. Therefore, in order to estimate the compositional
fractionofAgbasedon theHalpin�Tsai equation,weuse
860MPa as the Young'smodulus of the cross-linked LPEI/
PAAmultilayers under aqueous condition, 83GPa for that
of the Ag nanoparticles, 0.5 for Poisson's ratio of swollen
polymer matrix, and 0.64 for the maximum volumetric
packing fraction on the basis of the random close pack-
ing condition of Ag nanoparticles.45 Finally, taking into
account the fact that the modulus ratio (Ecomp/Em) of 20
was obtained from the swollen film instability model, we
estimate the Ag composition at the surface region of the
complexed film as approximately 61%.
In order to compare the estimated Ag composition

with the actual value, we employed characterization
with energy-dispersive X-ray spectroscopy (EDX). As
shown in Figure 4, an initially 400 nm thick LPEI/PAA
film is expanded to 550 nm after three repetitive cycles
of the Ag reduction process. From EDX characterization
results, major elemental peaks are C, O, and Ag, among
which C and O species are treated to be originated from
polymeric matrix. After a conversion of the elemental
weight fraction into a volume fraction,27 as a result, EDX
measurements reveal that the volumetric content of Ag
in the surface layer reaches themaximumof 34.7%, then
gradually decreases to 14.2% near the substrate. While
the gradationally varying tendency of the incorporated
Ag composition is verified with EDXmeasurements, the
obtained results show a relatively large difference com-
pared to the estimated values. This difference can be
ascribed to the fact that the directional diffusion-
induced, interconnected structures of Ag significantly
reinforce themechanical property of the compositefilm.
On the other hand, the Halpin�Tsai complexation
model is based on the simple mixing of individual
spherical particles in the matrix without the formation
of interconnected structures, which alleviates the influ-
ence of complexation on mechanical hardening.42

Figure 5A shows the evolutional growth of wrinkles
as the number of Ag reductions increases with a fixed
polyelectrolytemultilayer film thickness. First observed
wrinkles at three time reductions gradually grow to
well-developed labyrinthine structures after applying
seven time reductions. Notably, in spite of the contin-
uous growth of wrinkles, the characteristic wrinkling

wavelength is observed to be constant. This can be
attributed to the stepwise growth characteristics of
the elastically induced wrinkling systems.46 When the
critical wrinkling stress is exceeded, the characteristic
wrinklingwavelength can be determined by the instabil-
ity condition of the system. After the initial formation of
wrinkles on the surface, additionally applied strain is
consumed by amplifying the wrinkles while maintaining
the wavelength. However, if the reduction process is
repeatedly applied to reach the saturation limit of wave
amplification, then, a transition fromwrinkling to delam-
ination takes place, whereby the accumulated stress is
instantaneously released.47 As shown in the AFM image
in Figure 5B, the surface topology after delamination
shows tens ofmicrometer-scale undulations and the dis-
appearance of intrinsically formed wrinkles. The delam-
inated film structure is proved by cross-sectional obser-
vation with the scanning electron microscope (SEM),
manifesting complete detachment of the film from the
substrate and a formation of the separate interface after
a larger number of Ag reductions.
As confirmed from the SEM observational results,

the wrinkled surface has a hierarchical structure on
which Ag nanobumps of several tens of nanometers
are embedded within the wrinkles with micrometer-
sized wavelengths. Also, the results from the previous
theoretical estimation and EDXmeasurements suggest

Figure 4. Energy-dispersive X-ray spectroscopic (EDX) char-
acterization of the polyelectrolyte/Ag complexed films.
(A) Cross-sectional SEMobservation for EDXmeasurements.
The cross section shows a gradational distribution and
complexation of Ag within the matrix of polyelectrolyte
multilayer film. (B) Variation of the relative volumetric
composition of the polyelectrolyte/Ag complexed films.
The Ag content gradually decreases from the top surface
region to the bottom region near the substrate.
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that the degree of complexation of Ag nanoparticles
inside the film gradually decreases from the maximum
at the top to the minimum near the substrate. There-
fore, with the aid of an appropriate plasma-ashing
process, the metallic Ag nanostructures on the surface
can be exposed by selectively removing the poly-
meric matrix. This kind of hierarchical structure can
exhibit superhydrophobic surface characteristics.48�50

Although superhydrophobic surfaces fabricated by

structural engineering of polyelectrolyte multilayer
films have been previously investigated,51,52 the means
proposed in this study offer a greater opportunity to
elaboratelymanipulate the topological characteristics of
hierarchical structures. Figure 6 shows the results of
time-evolutional change in surface structures for an
increaseddurationofplasmaashing. Although the initial
surface (Figure 6A) shows a structural hierarchy, it
cannot achieve complete superhydrophobicity due

Figure 5. Effect of reduction number of Ag on themorphology of surface wrinkles. The initial film thickness is fixed at 420 nm
(13 bilayers of LPEI/PAA). (A) Three-dimensional AFM images of surfacewrinkles (50 μm� 50 μm, z-scale is 2 μm)with varying
the reduction number of Ag. The amplitude of wrinkles gradually increases while maintaining a constant wavelength (from
three to seven cycles of reduction). (B) Three-dimensional AFM and cross-sectional SEM images of delaminated wrinkles.
Delamination occurs after excessive reduction of 18 cycles.

Figure 6. Hierarchical nanoflake structure of Ag and its superhydrophobic surface characteristic. (A�C) SEM images of the
evolution of surface texture with varying plasma-ashing time. An initial wrinkled surface (A, 0 min) is roughened with
nanoscale Ag flakes (B, 5 min), and further developed to hierarchical nanoflake wrinkles (C, 30 min). (D) Low-magnification
SEM image for C. Intrinsically formedmicroscale wrinkles are clearlymanifested. The inset shows a highlymagnified image of
the vertical Ag nanoflake structure.
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primarily to a low aspect ratio structure of Ag nano-
bumps. Meanwhile, if the plasma-ashing process is
applied for 5 min (Figure 6B) or 30 min (Figure 6C), the
polymeric matrix around the Ag nanobumps is selec-
tively removed, leaving a nanoflake-shaped and high
aspect ratio Ag surface. Since the Ag nanoflakes are
aligned along the initially developed surface wrinkles,
the hierarchical characteristic of the system is reinforced
(Figure 6D). In particular, an advantage of the sponta-
neous and parallel processing of this method is capable
of implementing large area fabrication of structured
surfaces (2 in. � 6 in., Supporting Information 4).
As can be verified from the inset in Figure 6D, the

vertical nanoflake structure can offer better tunability
with regard to the orientation and exquisiteness of
the structures than other petal-like or flake structures
prepared by chemical deposition or electrochemical
reaction methods.53�56 Previous approaches have
mainly utilized a solution-based environment such
that generated structures could have a high degree
of isotropy during structure generation. In contrast,
the method presented here takes advantage of the
directional diffusion of Ag ions and the subsequent
reduction within polyelectrolyte complex films, even-
tually inducing the formation of a highly vertical
and anisotropically aligned nanoflake structure with
a high aspect ratio. Although the freshly prepared
hierarchical nanoflake structure shows a hydrophilic
surface property due to the excessive generation
of surface hydroxyl groups during exposure to the
plasma-ashing process, it can be readily modified to
a superhydrophobic surface by treatment with fluori-
nated self-assembled monolayer materials, such as
1H,1H,2H,2H-perfluorooctyltriethoxysilane.57 After the
surface is chemically modified, as shown in Figure 7A,
the water contact angle is 170�, and the sliding angle
of water drop is less than 1�, representing the super-
hydrophobic surface characteristics. Such a superhy-
drophobicity is amenable to a typical case of Cassie
contact, wherein numerous nanoscale voids within
the hierarchical structures spontaneously repel water
drops and prevent surface wetting.58,59 In order to
verify the structural efficacy of the hierarchical nano-
flake structure to the superhydrophobic surface prop-
erty, we tested the water contact angles of the nano-
flake surface according to the structural variation by
controlling the plasma-ashing time (Figure 7B). When
the nanoflake structure is developed in the absence of
the hierarchical wrinkles, moderate hydrophobicity
with a contact angle hysteresis is observed (first group,
no wrinkles), which underpins the importance of the
hierarchically formed wrinkles for obtaining the super-
hydrophobicity.60 On the other hand, when the surface
is only covered with microscale wrinkles embedded
with Ag nanobumps, the surface shows mitigated
hydrophobicity with a larger contact angle hysteresis
(second group, no ashing treatment). However, as the

plasma-ashing time increases, the synergistic effect of
the combination of Ag nanoflakes and underlying
microwrinkles becomes more prominent, eventually
leading to the superhydrophobicity of 170� with no
contact angle hysteresis.
Finally, in order to prove the usefulness of the

hierarchical nanoflake structure based on the LPEI/
PAA multilayer matrix, we replaced the polyelectro-
lytes pair with poly(allylamine hydrochloride) (PAH)
and PAA, which is a typical pair of weakly charged
polyelectrolytes.61,62 Here, PAH/PAA multilayer film
was assembled at a low pH condition of 2.5. Although
the spontaneous interdiffusion of polyelectrolyte
chains is not allowed for this system, the interpenetra-
tion of metal ions into the PAH/PAA complexed matrix
during the cationic exchange reaction is highly facili-
tated due to a high density of free acid groups in PAA
under acidic conditions. To compare the characteristics
of nanoparticle incorporation and the resulting defor-
mation of the surface, 18 bilayers of LPEI/PAA and 40
bilayers of PAH/PAA multilayered films were prepared
and then subsequently treated with 9 cycles of Ag
reduction. As contrasted in the cross-sectional SEM
images in Figure 8, two systems showed completely
different behaviors in sequestering Ag ions. While the
gradationally complexed Ag distribution and localized
volume expansion at the surface regionwere observed
for LPEI/PAA multilayer films (Figure 8A), a uniform

Figure 7. (A) Superhydrophobic property of the surface of
the hierarchical nanoflake structure. The water contact
angle is 170�, and the sliding angle is less than 1�. The
snapshot shows that small water drops are stably placed on
the structured sample that is floating on the water surface
(an ideally horizontal surface). (B) Measurements of dy-
namic contact angle of water droplets on differently treated
nanoflake surfaces with varying plasma-ashing time. The
hysteresis between advancing and receding contact angles
is observed for wrinkle-free or nanoflake-free surfaces.
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distribution of Ag nanoparticles and slight surface
roughening were captured in the PAH/PAA multilayer
films (Figure 8B). In particular, for a PAH/PAA system,
nanoparticles approximately 10�15 nm in diameter
completely fill the polymeric matrix, manifesting an
outstanding capability as a nanochemical reactor for
particle synthesis. However, due to this high uniformity
in particle distribution, the PAH/PAA system is not
amenable to film instability or surface wrinkling.
This difference in the Ag particle distribution can be

ascribed to the binding strength of the ionic complexes
assembled with oppositely charged polyelectrolyte
chains. When nontreated LPEI/PAA complexed films
are subject to cationic exchange reaction, films are
readily dissociated due to the weakly bound character-
istics between LPEI and PAA. After being chemically
cross-linked with EDC, the LPEI/PAA multilayered films
can be mechanically strengthened to allow for cationic
exchange and Ag reduction reactions. However, due to

the presence of the permanently cross-linked networks
inside the films, the incorporation process of Ag nano-
particles is spatially limited near the surface region and
leads to the graded distribution, further leading to a
formation of surface wrinkles. On the other hand, PAH/
PAA multilayered films have an intrinsically stronger
internal binding than that of the LPEI/PAA pair, thus,
cationic exchange reaction and subsequent Ag reduc-
tion process can successfully occur inside the polymeric
matrix without sacrificing the mobility of Ag ions,
rendering a uniform distribution of Ag nanoparticles.
Since the preferential accumulation of the mechanical
stress in the film has not occurred, no wrinkles are
formed on the surface. When PAH/PAA films are treated
with EDC for a chemical cross-linking, however, the
cross-linked networks are rarely developed due to
the deficiency in ionic bonding between charged
carboxylate and ammonium groups under the as-
sembly pH condition of 2.5, yielding a similar beha-
vior of Ag reduction to the non-cross-linking-treated
PAH/PAA films. These results indicate a significant
role of the binding strength between charged poly-
electrolyte chains for creating the graded complexa-
tion behavior and subsequent occurrence of the
surface wrinkling. Accordingly, we expect that different
surface morphologies of Ag nanostructures can be
obtained depending on the type of polyelectrolyte
multilayer matrix. While a distinctive structural hierarchy
is obtained for the case of the LPEI/PAA matrix
(Figure 6A�D), a randomly scattered phase of Ag
nanoflakes is observed for the case of the PAH/PAA
matrix (Figure 8C). Since the structural hierarchy is
deficient and the flake size is relatively larger than
that from the LPEI/PAA pair, Ag nanostructures obtained
from the PAH/PAA matrix show a smaller water contact
angle of 149� after the chemical modification of the
surface.

CONCLUSION

In summary, a novel and robust approach to produce
a hierarchical nanoflake surface is obtained by control-
ling the wrinkling phenomena on a thin film that is
complexed between polyelectrolyte multilayers and
metallic Ag nanoparticles. The resulting surface struc-
tures exhibit a well-defined hierarchy, wherein the
vertically aligned Ag nanoflakes are densely embedded
within themicrometer-scale surface wrinkles. This struc-
tural hierarchy is capable of creating superhydrophobic
surface characteristics (water contact angle = 170�) over
a large area. In order to obtain structural tunability for
the system, we take into account elaborate control over
the size of surface wrinkles and the aspect ratio of the
nanoflake structure, for which the degree of complexa-
tion of nanoparticles and the pair of polyelectrolyte
multilayers are varied. In addition, to obtain a more
quantitative understanding of the wrinkling of com-
plexed thin films, a wrinkling instability analysis based

Figure 8. Comparison of the cross section for different
types of Ag complexed polyelectrolyte multilayered films.
(A) Eighteenbilayers of LPEI/PAAfilm complexedwithAgby
nine cycles of Ag reductions. (B) Forty bilayers of PAH/PAA
film complexed with Ag by nine cycles of Ag reductions. (C)
SEM image of structured Ag surface after 30 min of plasma
ashing based on the PAH/PAA multilayer matrix.
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on the gradationally swollen film model is employed,
such that the theoretical estimation well matches the
experimental results. Moreover, this theoretical analysis
enables the precise estimation of the mechanical

modulus of complexed thin films. Therefore, we envi-
sion that this method will be applied to industrial-scale
surface structuring, surface modification in microfluidic
devices, or noble textures for optical devices.

METHODS
Preparation of Layer-by-Layer (LbL) Assembly of Polyelectrolyte

Multilayers. Linear polyethylenimine (LPEI, 25 000Mw) and poly-
(acrylic acid) (PAA, 90 000 Mw, 25% aqueous solution) were
purchased from Polysciences. Poly(allylamine hydrochloride)
(PAH, 56 000 Mw) was purchased from Aldrich. All chemicals
were used as received. LPEI and PAA were prepared as 35 and
20 mM solutions in deionized water, respectively, based on the
repeat-unit molecular weight. For a pair of PAH and PAA,
solutions were prepared as 20 mM without salt dissolution.
The pH values of the LPEI and PAA solutions were carefully
adjusted to 4.7 with dilute solutions of hydrochloric acid and
sodium hydroxide, and the pH values of the PAH and PAA
solutions were adjusted to 2.5 and 2.5, respectively. A cleaned
slide glass was used as a substrate for the LbL deposition. In
order to provide hydrophilicity for the successful adsorption of
polyelectrolytes in the aqueous condition, the glass substrate
was slightly plasma-treated with a conventional plasma cleaner
for 30 s (PDC-001, Harrick Scientific Corp.). Layer-by-layer de-
position was performed using a programmable slide stainer
(HMS70, Microm) under the deposition conditions of polyelec-
trolyte adsorption for 10 min followed by three sequential
washing steps (1 min for each) in a deionized water bath.

Fabrication of Wrinkled Surfaces. Before applying the surface
wrinkling process, LbL-deposited polyelectrolyte multilayer
films were immersed in a 5 mM solution of 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide hydrochloride (EDC, Thermo
Scientific) and cross-linked overnight to increase the mechanical
stability. The cross-linked films were then immersed in a 5 mM
solution of silver acetate (Aldrich) for 10 min. This process
facilitated a cationic exchange reaction so that Ag ions could
strongly bind to carboxyl groups in polyelectrolyte chains of PAA.
After thoroughly washing the samples with deionized water,
samples were reacted with 1 mM aqueous solution of dimethy-
laminoborane (DMAB, Aldrich) for 10min to induce the reduction
of Ag ions captured within the films to Ag nanoparticles. This unit
procedure was repeatedly applied to the samples using a pro-
grammable slide stainer until surface wrinkling occurred.

Fabrication of Superhydrophobic Surfaces. Samples of wrinkled
polyelectrolyte/Ag complexed films were plasma-etched
to selectively remove the polyelectrolyte multilayer matrix
(plasma ashing). As a result, a hierarchically developed Ag
nanoflake structure was formed on the surface. The aspect ratio
of the nanoflake structure could be controlled by varying the
plasma-ashing time. In order to generate a superhydrophobic
surface characteristic, samples were then treated with 1H,1H,
2H,2H-perfluorooctyltriethoxysilane (POTS, Aldrich, 1 wt % in
methyl alcohol) for 1 h. Finally, the fluorinated surfaces were
stabilized with a thermal annealing process at 140 �C for 2 h.

Characterization of Hierarchical Nanoflake Structured Surface. The
thickness of the deposited polyelectrolyte multilayers was
measured by ellipsometry (Nanoview, SEMF-1000, Korea). The
changes in the surface topology of thewrinkled polyelectrolyte/
Ag complexed thin films were observed with an atomic force
microscope (AFM, Dimension 3100, Veeco, Plainview, NY) under
dry condition. In order to minimize any possible errors during
data acquisition and to enhance the image resolution, we used
the tapping mode at a slow scanning rate (scan speed of
0.5�1.0 Hz). To visualize the surface textures and cross section
of samples, we used scanning electron microscope (SEM, JSM-
7401F, JEOL). The elemental analysis was performed with en-
ergy-dispersive X-ray spectroscopy (EDX, Oxford Instruments,
INCA-PentaFET-x3 detector) that was attached to the SEM.
Finally, to measure the static contact angle with sessile droplet

mode, deionized water with a droplet volume of 5 μL was
dispensed on the hierarchical nanoflake structure of polyelec-
trolyte/Ag complexed films. The contact angles were measured
using contact angle goniometer (FM40, KRUSS, Germany) by
averaging over five different points. In addition, using a hand-
made setup, the sliding angle was measured by tilting the
substrate.
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