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Lateral Buckling of High Aspect Ratio Janus Nanowalls

Hyunsik Yoon, Abhijit Ghosh, Jung Yeon Han, Seung Hyun Sung, Won Bo Lee,*

and Kookheon Char*

In recent years, the fabrication of Janus materials and their potential applica-
tions has been of much interest in Materials Science. Here, we report the fabri-
cation of an entirely novel structure—Janus nanowalls and the phenomenon of
lateral buckling in them. Polymeric nanowalls were prepared with the replica
molding technique and metal films, of comparable thicknesses, were then
deposited on one side of the polymer nanowalls by vacuum process. During
the metal deposition, the nanowalls themselves buckle laterally; this buckling
is induced by the compressive residual stress in the metal film and geometric
confining constraints. The feature of wrinkle patterns resulting from the lateral
buckling was theoretically investigated using the scaling analysis. Theoretical
results are in good agreement with the experimental observations.

also fabricated a series of Janus structures
with different geometries attached to a sub-
strate for the first time, for example, Janus
nanopillarsl"'® prepared by the oblique
metal deposition on vertical polymer col-
umns placed on solid substrates. Upon
metal deposition, those pillars are found to
bend due to the residual stress induced by
the stress relaxation of deposited layers of
metal.["’]

In this paper, we report the lateral
buckling in Janus nanowalls prepared by
the oblique deposition of thin metal films
on polymeric nanowalls standing upright

1. Introduction

Inspired by the pioneering work of de Gennes and his colleagues,
there has been, in recent years, much interest in fabrication and
applications of Janus materials.'"1l The term Janus was first
coined by de Gennes to describe spherical particles,!l the surface
of one of whose hemispheres is chemically different from the
other half, reminding one of the Roman God Janus who has two
faces back to back. Fabrication of Janus nanoparticles has opened
up vistas of novel applications many of which are of industrial
interest. By clever tweaking of the anisotropy properties, one can
use the Janus nanoparticles for a wide variety of applications such
as the stabilization of emulsions, nanoscale motors, biosensors,
in displays and as optical probes to name only a few.2"13] We have
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on solid substrates due to the compressive

residual stress of metal during deposi-
tion. While the bottoms of the walls are firmly bound to the
substrate, the bilayer formed by the metal deposition is just like
a freely standing vertical film. During the aluminum deposition
on one side of the polymeric nanowalls, the upper part of the
nanowalls is buckled due to the increase in surface area, which
is so much similar to wrinkled leaves of kale.

Buckling and wrinkling phenomena in thin sheets have been
regarded as classical topics in mechanics!'®!”) and have thus
spawned a surge of activities in recent years; examples include
the differential growth driven wrinkle formation in the edges
of petals of a blooming lily, the formation of periodic wrinkle
patterns in an ultrathin polymer sheet floating on a fluid, and a
recent piece of work proposing the shape selection rules for 3D
structures attained by thin gel sheets undergoing lateral non-
uniform shrinkage or with half-tone lithography technique.['8-2¢]
Although studies on the deformation and pattern formation of
soft materials under confinement have actively been pursued
in recent years from both fundamental and application points
of view, the freestanding bilayer system currently under inves-
tigation is quite new and novel when compared with earlier
buckling studies on bilayers?’?"! including thin rigid materials
deposited on thick elastomeric substrates.

We employ scaling arguments to investigate the features of
wrinkling patterns induced by the lateral buckling. Our theo-
retical results for the dependence of wavelength and ampli-
tude of wrinkles are in good agreement with the experimental
observations.

2. Results and Discussion

The procedure to obtain buckled Janus nanowalls by the sub-
sequent oblique metal deposition is schematically shown in
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Lateral Buckling of Janus Nanowalls

Figure 1. A schematic illustration of the fabrication of Janus nanowalls. After preparing a
master mold by conventional photolithography and dry etching process, we poured a liquid-
type, UV-curable prepolymer on the mold. After UV crosslinking, we detached the polymer
pattern from the mold. With the help of an inclined loader, we deposited metal films on the
left sides of polymeric nanowalls (i.e., Janus nanowalls). During the aluminium deposition, the

Janus nanowalls spontaneously showed instabilities of lateral buckling.

Figure 1. After preparing a master produced by the conventional
photolithography followed by dry etching process, a UV-curable
polyurethane acrylate (PUA, 301RM, Minuta Tech) prepolymer
was poured into the master.?%3! After UV exposure to crosslink
the PUA prepolymer in the master mold, the polymeric nanow-
alls were detached from the mold. Aluminum films (~50 nm)
were then deposited obliquely only on one selected faces of the
polymer nanowalls.' Following the above fabrication proce-
dure, we could prepare free standing metal-polymer bilayers
of nanometer film thickness standing vertically on a polymeric
substrate. As previously reported,[” aluminum metal has an
inherent compressive residual stress during deposition. In other
words, aluminum has a tendency to expand
by reacting with polymer or oxygen on the
interface. The expanding metal, being tightly
attached or bound to the polymer walls,
increase the surface areas of the nanowalls.
Confinement at the base leads to the subse-
quent lateral buckling of nanowalls.

Figure 2 shows the scanning electron
microscope (SEM) images of pristine poly-
meric nanowalls and buckled Janus nanow-
alls. Before the metal deposition, each poly-
meric nanowall has a width of ~170 nm and
1.4 um in height (i.e., aspect ratio of ~8.2), as
shown in Figure 2(a). On one sides of these
polymeric walls, we deposited thin aluminum
layers until the deposited metal film had a
thickness of about 50 nm. Upon buckling,
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the average amplitude of resulting wrinkles,
observed from the SEM image, was estimated
to be approximately 1 um. The observed lateral
wrinkling patterns shown in Figure 2(b) are
totally different from the conventional random
buckles observed on flat surfaces, as shown in
the supporting information Figure S1.

The SEM images of nanowalls with dif
ferent wall spacings are shown in Figure 3.
Aluminum was obliquely deposited at an angle
of 30° with respect to the surface normal.
When the space between nanowalls is small,
as shown in Figure 3(a), the metal deposited
does not cover the entire faces of selected sides
of polymeric nanowalls. However, when the
space is large enough, aluminum metal films
could cover the entire faces of selected sides of
polymeric nanowalls as well as some bottom
parts of a substrate. It is interesting to note
that the degree of buckling became higher
when the metal film does not fully cover the
bottoms of the nanowalls. When the metal film
covered the entire selected sides of nanowalls,
the stiff metal films deposited at the bottom
portion of the nanowalls resist the mechanical
deformation induced by the residual stress at
the top portion of nanowalls which is similar
to free standing bilayer film. The top-views of
buckled patterns with different wall spacings
are shown in Figures 3(d-f).

Polymeric nanowalls with different wall widths and heights
were also investigated. The film thickness of Al metal deposited
was kept constant (~50 nm). Figure 4 shows the SEM images
of Janus nanowalls after the aluminum film deposition. The
average wavelength of buckled nanowalls with a wall width of
290 nm and a height of 1.5 pm was about 7.4 um. The wave-
lengths for the nanowalls with 170 nm and 130 nm wall widths
were found to be about 4.4 um and 3.6 pm respectively. Note
that the average wavelength decreases with the decrease in
wall width. In addition, when the space between nanowalls is
narrow, we sometimes observe that the nanowalls are collapsed
and merged together, as shown in Figure 4(c).

Figure 2. (a). A tilted SEM image of polymeric nanowalls before metal deposition. The average
width of a nanowall is 170 nm and the wall height is 1.4 um. (b) A tilted SEM image of Janus
nanowalls containing thin aluminium films of 50 nm thickness on the left hand sides of the
nanowalls.
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Figure 3. Tilted SEM images of Janus nanopillars with a height of 1.4 um and an average wall width of 170 nm. The space between nanowalls is

(a) 400 nm, (b) 900 nm, and (c) 1.6 um, respectively. (d~f) Top-view SEM images of the Janus nanowalls shown in (a) to (c) with different spaces of

(d) 400 nm, (e) 900 nm, and (f) 1.6 um.

We now derive scaling relations between the amplitude and
wavelength of wrinkles formed and the geometrical dimen-
sions of nanowalls. Figure 5 depicts a schematic illustration for
the theoretical consideration of buckled Janus nanowalls. We
assume that the faces of nanowalls exposed to metal deposition
are fully covered by metal film. Once the induced strain on the
polymer wall exceeds a critical value, buckling is spontaneously
induced by the geometric confinement at the base where the
wall is attached to the substrate. We sacrifice rigour for sim-
plicity; our assumptions are justified by the good agreement of
the predictions with experimental observations.

We assume that the magnitude of residual stress exerted
on polymer walls is constant (denoted as o). Let v denote the
Poisson’s ratio of crosslinked polymer walls and E the Young’s
modulus.

We denote the vertical plane of initially flat nanowall as
the xy-plane and the out-of-plane displacement by {(x,y) that
occurs along the z-axis. The flat wall has length L, height h and
width w. The energy functional that we need to extremize for
obtaining the Euler-Lagrange equations is:>*?

U= Ubend+Ustrech_C (1)

The first term Uype,q is the bending energy associated
with the wrinkles occurring mainly along the horizontal (y)
direction:1¢l

Ubend _OSB/dA(aj>

We have ignored the energy associated with the bending in
the x-direction because bending predominantly occurs in the
y-direction; B = Ew?/[12(1-V?)] is the bending modulus of poly-
meric wall.l%]

The second term Ug,.q, is associated with the stretch of a
nanowall along the vertical and the horizontal directions by the

(2)
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expanding metal layer deposited on one selected side of a poly-
meric nanowall.'®]

Ustretch = O-S/dA% (25>2+ o.S/dA% (3C>2
= o.5/dAcw(g§> + os/dAow(aC>

We have assumed F(x) ~ oLw and F(y) ~ chw where we have
assumed the residual stress o to be constant in both horizontal
and vertical directions.

The third term in Equation (1) expresses the constraint. The
net expansion in the horizontal direction is the balance between
the expansion due to stretching and the contraction due to the
Poisson effect.

Let §(x)/L be the horizontal strain due to the Poisson
effect.'®l

3)

It may be noted that since we have assumed ¢ ~ constant
and isotropic, the horizontal increase in length due to the
metal expansion is 6/E. Thus, the balance of the above effects
could happen if v = 1.0. But no material is known to have the
Poisson ratio of unity. So there is always a net expansion due to
the stretching of the polymer wall by the expanding metal thin
layer. From the analysis provided in the supporting information
S2, we could obtain the analysis of the amplitude A and wave
number q by A%? = 86(1 — v)/E. Also, the wavelength of wrin-
kles is found to be A = 2(27h)/2(B/ow)!/* where h is the height
and w is the wall width. Upon substituting B = Ew?/12(1 —1?),
one finds a scaling relationship: A ~ (hw)%/2. It follows from
the above relationship that the amplitude A scales as (hw)!/2.
It is worthwhile to note that if the polymer part of the bilayer
is considerably thicker than the metal film (ideally infinite), the
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Figure 4. Plan-view SEM images of laterally buckled Janus nanowalls
with wall widths of (a) 290 nm (height = 1.5 um), (b) 170 nm (height =
1.4 um), (c) 130 nm (height = 1.1 um), respectively. The average wave-
lengths of buckled nanowalls are (a) 7.4 um, (b) 4.4 um, and (c) 3.6 um,
respectively.

wavelength of wrinkles on the surface is proportional to the
thickness of a metal film.[2’-2)

Figure 6 shows the plot of A*q against the cross-sectional
area of a nanowall (h*w) - according to the scaling expression
above, the product should be independent of cross-sectional
area which is exactly what we observed in our experiments
within the limits of experimental errors. The dots represent
experimentally observed values while the solid line is obtained
by the linear regression. It is noted that we could obtain the
Young’s modulus of a polymer substrate (E) from the values
of the Poison ratio, the residual stress of All"l as well as
the constant A*q value taken from Figure 6. The calculated
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Figure 5. A schematic illustration for the theoretical consideration of
buckled Janus nanowalls.

0.15 — T T T T

o.oo " 1 L 1 n 1 " 1 " 1 "
0.0 0.1 0.2 0.3 0.4 0.5 0.6

h*w (um?)

Figure 6. Plot of A%*q (amplitude times the wavenumber of wrinkles)
against the cross-sectional area of a nanowall (h#w). Solid dots represent
the experimentally observed values; the solid line is obtained by linear
regression. The product A#q should be independent of scaled width of
nanowalls according to the scaling arguments. Experimental observation
confirms the scaling prediction to a fair degree of accuracy.

modulus is approximately 16 MPa, which is relevant to the
Young’'s modulus of the polymer (19.8 MPa) obtained from
independent measurements.’!l A plot of A? against the cross-
sectional area of a nanowall (h*w) is also shown in Figure 7.
The dots represent the experimentally observed values while
the solid line is obtained by the linear regression. The scaling
prediction of the linear dependence of A? against h#w shows
an excellent agreement with the experimental observations as
well. Our scaling and experimental results indicate that the
instability induced by the stress as well as the geometric con-
finement is of Cerda—Mahadevan type for the wrinkles in free
standing films.B?

Adv. Funct. Mater. 2012, 22, 3723-3728
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Prior studies have reported various types
of wrinkles caused by the heat expansion/?”28]
based on different expansion -coefficients
between metals or oxide films and elastomers,
by stretching or compressing the elastomeric
substrates based on different Young’s moduli
between bilayers.?”! The wrinkling of bilayer
surface induced by solvent evaporation has
also been reported.’3] However, buckling in
Janus nanowalls, as observed in our experi-
ments, is induced by the residual stresses
of metals deposited as well as geometric
constraints. When the deposited metal film
exerts compressive residual stress against
polymeric nanowalls, the metal film stretches
the polymer walls. On the other hand, when
the metal film is under tensile stress, the
metal film is stretched and eventually induces
cracks of metal film at the interfaces between
metal and polymeric layers during relaxa-
tion. Figure 8 shows the difference in effects
induced by two different metal films. We
deposited Al and Au films of the same thick-
ness (~50 nm) with a controlled rate of depo-
sition of more than 100 A/min to exclude the
effect of thermal expansion of polymer nanow-
alls. Figure 8(a) shows a plan-view SEM image
after Al deposition. The Janus nanowalls are
buckled as we expected. However, when we
deposited Au instead, there was no buckling
of Janus nanowalls, as shown in the top-view
SEM image of Figure 8(b). Instead of forming
wrinkles on the substrate, several cracks of Au films (shown in
circles) were observed at the bottom substrate. Figure 8(c) shows
a tilted SEM image of buckled Janus nanowalls after Al depo-
sition. As marked by a circle in the figure, there also exists a
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Figure 7. Plot of AZ against the cross-sectional area of a nanowall (h#w);
solid circles represent the experimentally observed values while the solid
line is obtained by linear regression. The theoretical prediction of the
linear dependence of A% on h#w shows an excellent agreement with the
experimental observations.
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Figure 8. (a) A plan-view SEM image of Al-deposited Janus nanowalls. (b) A top-view SEM
image of Au-deposited Janus nanowalls. The circles show that the gold films deposited on
the polymer substrate form cracks because of their inherent residual tensile stress. The white
open square shows a shadow in which metal is not deposited. (c) A tilted SEM image of Al-
deposited Janus nanowalls. The white open circle also shows the buckling on a flat polymeric
surface due to the residual compressive stress of Al thin film deposited. (d) A tilted SEM image
of Au-deposited Janus nanowalls are bent toward the metal-deposited sides. The image also
represents that there is no lateral buckling during the Au deposition.

buckling on the flat polymer substrate which is induced by the
same compressive residual stress of Al. Figure 8(d), however,
shows that nanowalls deposited with gold thin layers on one
selected side of the walls are instead bent toward the gold depos-
ited side, which is in coincidence with the case with nanopillars
in our previous work.["’!

3. Conclusions

In the present study, we report the fabrication of novel nano-
structures—Janus nanowalls. Such a structure consists of bilayers
with a metal thin layer deposited obliquely on one selected
face of a polymeric wall standing vertically against a solid sub-
strate. During the oblique metal deposition, the lateral buckling
of Janus nanowalls was spontaneously induced in our experi-
ments. We indicate that the vertical bilayer geometry is novel
and the buckling features are entirely different from the hori-
zontal bilayer cases described in previous studies.?3] The
buckling of Janus nanowalls and the wrinkle formation after
the aluminium deposition is caused by geometric confine-
ments as well as the residual compressive stress of a depos-
ited metal film exerted on polymeric nanowalls. We employed
scaling arguments to investigate the main features of wrinkling
patterns induced by the lateral buckling. Our scaling results for
the wavelength and amplitude of wrinkles formed on nanow-
alls are in good agreement with the experimental observations,
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suggesting that the instability in the current case is of Cerda—
Mahadevan type.?

4. Experimental Section

Fabrication of Janus nanowalls: Silicon master molds were prepared
by the photolithography followed by reactive ion etching. Those
silicon masters were then treated with a fluorinated-SAM solution
((tridecafluoro-1,1,2,2-tetrahydrooctyl)-trichlorosilane:  FOTCS, Gelest
Corp.) diluted to 0.03 M with anhydrous heptane (Samchon Corp.) in
inert argon environment. The treated master molds were annealed
at 120 °C for 20 min. Onto the Si masters, we applied drops of soft
PUA (301RM, Minuta Tech) prepolymers and a flexible PET film
(~50 um) was slightly pressed against the liquid drop to be used as a
supporting backplane. Details on the synthesis and characterization of
PUA prepolymers can be found elsewhere.3%31 After crosslinking the
photocurable PUA polymers, we detached the polymeric structure from
the Si master. We then deposited metal films (Al) by the oblique metal
deposition with a film thickness of 50 nm. We used a thermal evaporator
for the metal deposition and placed the polymeric nanostructure on an
inclined holder, as discussed in the previous reports.'"#*l The vacuum
condition for the metal deposition was 107 torr. During the deposition,
evaporated metal atoms were vertically guided down, but the inclined
holder defined the oblique incidence angle, leading to the metal layers
deposited only on one selected sides of the nanowalls.

Scanning electron microscopy (SEM): High-resolution SEM images of
wrinkled nanopatterns were obtained using Hitachi-4800S. To avoid the
charging effects, all the polymer patterns were sputter-coated with Pt in
5 nm thickness prior to measurements.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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