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Transforming One-Dimensional Nanowalls to Long-Range
Ordered Two-Dimensional Nanowaves: Exploiting
Buckling Instability and Nanofibers Effect in Holographic

Lithography

Jie Li, Yigil Cho, In-Suk Choi, and Shu Yang*

Two-dimensional nanowaves with long-range order are fabricated by
exploiting swelling-induced buckling of one-dimensional (1D) nanowalls
with nanofibers formed in-between during holographic lithography of the
negative-tone photoresist SU-8. The 1D film goes through a constrained
swelling in the development stage, and becomes buckled above the critical
threshold. The degree of lateral undulation can be controlled by tuning the
pattern aspect ratio (height/width) and exposure dosage. At a high aspect
ratio (e.g., 6) and a high exposure dosage, nanofibers (30-50 nm in diam-
eter) are formed between the nanowalls as a result of overlapping of low
crosslinking density regions. By comparing experimental results with finite-
element analysis, the buckling mechanism is investigated, which confirms
that the nanofibers prevent the deformed nanowalls from recovery to their
original state, thus, leading to long-range ordered two-dimensional (2D) wavy
structures. The film with nanowaves show weaker reflecting color under an
ambient light and lower transmittance compared to the straight nanowalls.
Using double exposure through a photomask, patterns consisting of both

nanowaves and nanowalls for optical display are created.

1. Introduction

Periodically structured materials, whose physical properties are
functions of the structural parameters, including shape, geom-
etry, size, orientation and arrangement, are of wide interests for
applications, such as controlling the light, sound or heat wave
propagation,I? wetting,>* adhesion,>® and cell sensing and
proliferation.”l In many applications, high aspect ratio (AR =
height/width) structures are desired. For example, as plasma
etching masks, they offer better etching resistance and struc-
ture fidelity.®°! As grating structures, high AR could lead to new
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properties, such as blazed transmission
gratings via total external reflection on
the grating sidewalls for X-rays incident at
graze angles.'% As photonic crystals, high
AR structures have higher intensity reflec-
tion peak at the photonic stop band.['!

However, high AR structures are
mechanically unstable. When the film is
developed in the lithographic process it
tends to collapse due to capillary forcell?1!
or to be buckled due to anisotropic
swelling.'®'7]  Specifically, it has been
shown that one-dimensional (1D) struc-
tures can be laterally buckled into irreg-
ular two-dimensional (2D) wavy patterns
due to compressive residual stress gener-
ated in the film confined on a rigid sub-
strate, for example, by deposition of a thin
layer of metal or semiconductor,’¥1% or
by swelling.'®! Because the compressive
stresses induced by swelling and heating/
cooling are isotropic laterally, most of the
buckling structures reported in literature
are random. It will be intriguing to harness such instability for
pattern transformation, specifically, to create highly ordered,
high AR 2D wavy patterns by lateral buckling of 1D high AR
structures, leading to very different physical properties.

Here, we created highly ordered 2D nanowaves from a com-
monly used negative-tone photoresist SU-8 during two-beam
holographic lithography (HL) by buckling of high AR (up to 6)
1D nanowalls (periodicity of 600 nm). During the development
stage, the 1D pattern went through a constrained swelling in
the good solvent, leading to the global buckling. The degree of
lateral undulation could be controlled by tuning the pattern AR
and exposure dosage. Different from literature, the nanowalls in
our system were buckled in the same direction with long-range
ordering. Between the nanowalls, interconnecting nanofibers
(30-50 nm in diameter) were formed between nanowalls when
exposed to high dosages. By comparing experimental results
with finite-element analysis, we confirmed that nanofibers
formed only in the buckled film when the neighboring walls
were close enough; they prevented the recovery of the deformed
nanowalls to their original state, thus, minimizing random
instability after critical point drying. The nanowave structure
showed weaker reflecting color under an ambient light and
lower transmittance compared to the nanowalls. Using double

wileyonlinelibrary.com 2361

dadvd T1Tind


http://doi.wiley.com/10.1002/adfm.201302826

-
™
s
[
-l
wd
=
™

2362 wileyonlinelibrary.com

Beam 2

bake

Photoresist

—

Mk

www.MaterialsViews.com

Post-exposur

Amplitude

Wavelength
1um

Figure 1. Fabrication of 1D nanowalls and 2D nanowaves via two-beam holographic lithography. a) Schematics of the lithographic process. b,c) Top-
view SEM images and schematics of b) 1D nanowalls (width 300 nm, pitch 600 nm, AR = 2) and c) 2D nanowaves (width 300 nm, pitch 600 nm, AR
=~ 6). d) Higher magnification SEM image of (c) with indication of the amplitude and wavelength of the nanowaves. Amplitude is indicated as the
distance between center of the original wall to that of the maximum buckled position. Wavelength is the longitudinal periodicity of the nanowaves.

exposure through a photomask, followed by development, we
created patterns consisting of both nanowaves and nanowalls
for optical display by harnessing the distinct optical properties
in the two regions.

2. Results and Discussion

The 1D nanowalls were fabricated by two-beam HL (see
experimental section and Figure 1a), including photoresist
spin-coating, pre-exposure bake, exposure, post-exposure bake
(PEB), development, solvent rinsing and critical-point drying
(CPD). By recording the interference pattern into a selective
photoresist, HL has been used to fabricate 1D, 2D, and 3D
periodic structures over a large area.??!l The periodicity of the
1D structure could be tuned from a hundred of nanometers to
several micrometers using the green laser by varying the angle
between two incident laser beams.??l Here, we kept the perio-
dicity constant at 600 nm and the line width around 300 nm
for the interest of grating color in the visible to infrared wave-
length. The AR of 1D structure was varied by the concentration
of SU-8 solution and spin-coating speed, which determined the
film thickness.

SU-8 (Figure S1, Supporting Information), a multifunctional
epoxy derivative of a bisphenol-A novalac,?}l was chosen as the
model photoresist because of its compatibility with conven-
tional photolithography and HL,?* and high solubility in many
organic solvents, allowing for preparation of thick films with
high AR. When SU-8 films of different thickness were exposed
to the same HL conditions, followed by development in pro-
pylene glycol monomethyl ether acetate (PGMEA) and CPD, dif-
ferent types of nanostructures were observed depending on the
AR (see Figure 1). For AR = 2 samples, 1D pattern of straight
walls (Figure 1b) were observed as expected from two-beam
interference. However, for AR = 6 samples, highly ordered 2D
nanowaves were observed (Figure 1c) with wavelength of 3 pm
and amplitude of 300 nm (see schematic in Figure 1d).

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Buckling of 1D lines to 2D wavy patterns has been reported,
typically via thermal or solvent swelling induced stress.[16-1%
The 1D lines generally buckle randomly in the xy plane due to
isotropic lateral force. In comparison, the nanowaves formed
in our system were highly ordered: they all bent in the same
direction, which persisted over a large area (5 mm in diam-
eter). A closer look showed that there were many nanofibers
formed between the nanowalls in the nanowave samples
(e.g., AR =6, Figure 1d). The role of the fibers will be discussed
in detail later.

Swelling-deswelling of SU-8 thin films have been inves-
tigated to optimize the processing conditions in photoli-
thography,?2% to study pattern transformation in 2D mem-
branes,?”28] and 3D phononic crsytals,?”! and to enhance
grafting of polymer brushes on 2D and 3D structures.’% Typi-
cally in photolithography of 1D structures, pattern collapse of
high AR structures is observed due to capillary force during
drying. Since we dried the films using CPD, the effect of cap-
illarity should be minimal here. We suspect that the buckling
occurred in our 1D structures should be attributed to solvent
swelling in the development stage.

Because SU-8 film was confined on a rigid glass substrate,
the outer layer would swell more than the layer attached to
the substrate, generating an anisotropic osmotic pressure.
Meanwhile, the glassy SU-8 was softened by the developer,
thus, lowering the buckling threshold. When the AR is large
enough, the compressive force generated at the top of the struc-
ture could go beyond the buckling threshold, thus, triggering
global buckling of the 1D lines. Supporting this, we observed
the buckling of 1D structure under the optical microscope from
the developed film immersed in the rinsing solvent, isopro-
panol (IPA) (Figure S2, Supporting Information). We did not
directly observe the developed film in PGMEA since it was not
compatible with the optical microscope. The extent of buckling
and morphology could be controlled by material properties,
including crosslinking density and modulus, pattern geometry,
and polymer-solvent interaction in a nonlinear manner.
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Figure 2. Effect of exposure dosage on the degree of buckling of the
1D nanowalls. a,b) Top-view SEM images and schematics (insets) of
nanowaves obtained from HL with exposure time of a) 16 s and b) 17 s,
resulting in line width of 250 nm and 350 nm, respectively, and different
degree of buckling. The later has significant amount of fibers formed
between the walls. ¢,d) Schematics of two-beam interference intensity
profile at different exposure dosages. Regions exposed with intensity
higher than the threshold are more crosslinked and remained on the
substrate after developing in a good solvent.

The modulus of the as-fabricated SU-8 was measured by
AFM nano-indentation, 1.7 GPa, and the swelling ratio in
PGMEA was = 1.05-1.1, which agreed well with literature.l?’!
If keeping AR constant, but exposing the SU-8 film at a
higher dosage, more photoacids will be generated, leading to
higher crosslinking density and higher filling fraction. Thus,
we should expect higher film stiffness, which is less prone to
buckling. The effect of exposure dosage is shown in Figure 2,
where samples had the same film thickness (1 um) but dif-
ferent exposure time (16 s vs 17 s). Although we did observe

www.afm-journal.de

increased filling fraction in the film exposed for 17s (Figure 2b)
compared to that from 16 s (Figure 2a), the nanowaves were
found formed in the 17 s film, contrary to the prediction. Com-
paring the straight 1D nanowalls and 2D nanowaves, it was
clear that the buckled films all had nanofibers (30-50 nm)
(see Figures 1, 2); the longer exposure time, the more
nanofibers were generated. Nanofiber formation is known to
be a byproduct of long exposure during HL.BU As shown in
Figure 2c-d, such effect can be explained by the intensity pro-
files at different exposure dosage. When the exposure time is
increased, interference beam intensity increases. The origi-
nally weakly crosslinked regions under shorter exposure time,
which would have been removed by developer, now received
interference intensity above the critical threshold and become
partially crosslinked. Not only the volume-filling fraction is
increased but the spacing between neighboring lines becomes
smaller due to increase of weakly polymerized regions. It was
reported that nanofibers formed and bridged the neighboring
nanostructures by networking between the weakly polymer-
ized regions of the nanostructures once the weakly polymerized
regions became overlapped withthin an optimized distance.!
Hence, we speculate that the highly dosaged walls had large
enough weakly polymerized regions, which was overlapped
during global buckling of the 1D walls. Once the distance of the
neighboring walls reaching the threshold, the nanofibers began
to form from the walls and finally connected the neighboring
walls as shown in the Figure 2b. We also hypothesize that the
formation of nanofibers would prevent the buckled SU-8 film
from returning to the original straight nanowalls as evident by
the broken fibers in nearly straight-line patterns (Figure 2a),
thus, minimizing random lateral buckling of the 1D structure.
To support our hypothesis, we carried out finite-ele-
ment simulation to better understand the formation of the
nanofibers in association with the buckling behavior. We simu-
lated structures with AR = 2, 4, and 6, as a direct comparison
to the experimental results shown in Figure 1. The simulation
results show coinciding relationship between the AR and the
buckling magnitude (Figure 3a—c). In the plots, the undulation
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Figure 3. Finite-element simulation of the buckling behaviors of 1D nanowalls. a—c) Changes in the maximum distance (m), minimum distance
between walls (o), and the undulation amplitude () of the same wall width (300 nm) but different aspect ratios, a) AR=2,b) AR=4,c) AR=6asa
function of the swelling ratio. d) The corresponding 3D images of the predicted buckling behaviors of 1D walls of different aspect ratios with swelling
ratio of 1.1. e) Top-view simulated images of the wall distance evolution during buckling. f) lllustration of nanofibers (white diamonds) formed mainly

in the regions where wall distances are smaller than 200 nm.
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amplitude increases as the swelling ratio
increases. It also shows that the amplitude
increases faster when AR is higher. The post-
buckling shapes with swelling ratio 1.1 were
shown in Figure 3d, which also matches the
measured amplitudes well.

Finite-element analyses indeed pro-
vide more insights on the formation of
nanofibers. As seen in Figure 1c, 2b, the
distance between nanowalls, which was ini-
tially identical along the wall before buckling,
varied as the buckling occurred. There are
two causes that make the wall distance to be
different in buckled configuration. Because
the bottom of the 1D walls is constrained
on the substrate, the 1D walls are not only
buckled in the longitudinal direction but also
twisted with out-of-plane displacement (see
Supporting Information with Figure S4 for
more details). Hence, the crest region has
the maximum wall distance, and the middle
point between two adjacent crest points has
the minimum wall distance after buckling
(see schematic in Figure 3d). The experi-
mental results matched well with the simula-
tions. At the swelling ratio 1.1, the wall dis-
tance appears to be larger than 250 nm along
the entire structure. This relatively large gap
between the walls gave only a few fiber formations as shown in
Figure 1b. In the case of 300 nm width and AR = 6 (Figure 3c),
however, the minimum wall distance is only about 120 nm
at swelling ratio 1.1, while the maximum distance is around
280 nm. In the experiment, the nanofibers were mainly
observed in the middle region between two adjacent crest
points, of which wall distance was smaller than 200 nm
(Figure 1c). A top-view of the wall distance evolution during
buckling, as well as the nanofiber distribution can be found
in Figure 3ef. While it is possible that nanofibers could be
formed by breaking the overlapping, weakly polymerized areas
between nanowalls during buckling process, the above results
(both experiments and simulation) clearly demonstrated that
the buckling of 1D walls modulated the distance between the
neighboring walls and the nanofibers were formed only where
the distance between the walls was close enough due to the
combination of higher exposure dosage and swelling during
the lithographic process. We also simulated the exposure time
effect to the gap size between nanowalls and thus nanofiber
formation (see details in Figure S5 and related discussion in
the Supporting Information).

As we mentioned earlier, more fibers were generated in
the longer exposure sample as a result of decreased gap size
because the higher AR should give larger amplitude of buck-
ling. Upon drying, the buckled walls have a tendency to deswell
and return to the original straight line geometry, and the dis-
tance between neighboring walls increase. However, with large
quantities of fibers connecting the neighboring walls, the walls
have to overcome the constraint imposed by the connected
fibers to return to their original straight alignment when the
walls deswell. Thus, we speculate that the nanofibers could help

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Effect of nanofibers in between nanowaves (AR = 6) to maintain the buckled structure
during swelling. a) Cross-sectional SEM images of nanowaves with a large quantity of intercon-
necting nanofibers. b) Top-view SEM image of the nanowaves shown in (a) after 15 min oxygen
plasma treatment, showing nearly no nanofibers left. c,d) Corresponding top-view SEM images
of the nanowaves shown in (a,b) after re-swelling in PGMEA and drying.

to maintain the order or registry of the buckled film and sta-
bilize the long-range ordered nanowaves. To confirm this, we
conducted experiments to remove the fibers, followed by re-
swelling in PGMEA. A closer look of these fibers is shown in
Figure 4a, a cross-sectional SEM image cut by focused ion beam
(FIB). The nanofibers appeared throughout the sample from top
to bottom. We took a buckled sample with many fibers (AR = 6),
and covered half of it with aluminum foil while leaving the
other half exposed to oxygen plasma (OP) treatment. The SEM
image after OP is shown in Figure 4b, where the nanofibers
were nearly completely removed in the exposed region. After
removal the aluminum foil, the whole sample was put in the
developer, followed by rinsing and drying steps performed
before. For the half that still had fibers, the buckled morphology
remained the same as before (Figure 4c). However, for the
other half where fibers were removed, buckling lost the long-
range ordering (Figure 4d), which unquestionably supported
the role of nanofibers in maintaining the long-range ordering
of nanowaves. When there were no fibers connecting the neigh-
boring walls, each wall would buckle and compete with the
neighboring ones for buckling space. On the other hand, since
the space between each wall is very limited in our system com-
paring to the buckling amplitude, there is not enough space for
the walls to deform in a completely random manner.

Since both 1D nanowalls and its buckled 2D nanowaves are
highly ordered with sub-micrometer periodicity, they should
have distinct optical properties. First, we compared the trans-
mittance of the straight nanowalls, nanowaves, and random
deformed line pattern from 350-800 nm (Figure 5a) and their
corresponding photos were taken under ambient lighting
(Figure 5b—d). The 1D nanowalls showed bright, reflected color,

Adv. Funct. Mater. 2014, 24, 2361-2366
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Figure 5. Comparison of the optical properties between straight 1D nanowalls, 2D nanowaves
with long-range ordering, and randomly collapsed nanowaves. a) UV-Vis transmittance spectra.
b—d) Photos and corresponding top-view SEM images of various nanostructures. Scale bar:

2 um.

which was angle-dependent. Its transmittance spectrum dipped
around 500-600 nm (near its periodic feature size), corre-
sponding to the partial stop band of the 1D photonic structure.
The sample with long-range ordered nanowaves also appeared
colorful, although the reflectivity was not as strong as the
straight nanowalls. Its transmittance was lower than that of the
straight nanowall sample, and did not have the characteristic
valley. As for the randomly deformed sample, it appeared white
due to the random scattering from the film surface, thus, had
the lowest transmittance among the three.

Lastly, we fabricated complex patterns using double exposure
method for optical display. First, the SU-8 film was exposed to
the interference beams to create the nanostructures, followed
by UV exposure through a photomask with micrometer-sized
patterns before PEB (see Figure 6a). After the development

visible J, l ll v

Figure 6. Double exposure patterning of nanowaves with nanowalls. a) Schematic illustration
of the double exposure process, including HL at visible light first, followed by UV exposure
through a photomask. b,c) SEM images of the hierarchical structure, consisting of nanowaves
and nanowalls (width 300 nm, pitch 600 nm, AR = 6) in a microscaled 1D grating (width10
um, pitch 20 um). c) Double exposed regions showing straight lines with higher filling fraction,
while the single exposed regions showing typical nanowaves. d) Photo of a film double exposed
with photomask of letter “N”. Inset: optical image of the photomask. The double exposed
region appeared more transparent than the surrounding due to higher filling fraction. The latter

appeared orange due to reflection from the nanowaves.
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and CPD, the regions that were not double
exposed would go through typical global
buckling to form nanowaves, whereas the
regions received double exposure would
have higher crosslinking density and volume
filling fraction, thus, forming straight nano-
walls. As a proof-of-concept, we used two
types of photomasks: one with 10 um line
width and 20 um pitch, and the other with
a character “N” in millimeter size. The
sample double exposed from the 1D photo-
mask showed alternating regions of nanow-
alls and nanowaves (Figure 6b,c) as expected.
To better illustrate the color contrast in the
nanowall and nanowave regions, we used a
letter “N” photomask as shown in Figure 6d.
The region within the character was double
exposed and appeared more transparent than
the surrounding regions, which appeared
orange. The double exposed regions had higher volume filling
fraction of SU-8 and the straight nanowalls were nearly con-
necting with each other. Therefore, they appeared more like
a flat film, which was transparent. The color from the sur-
rounding regions was the reflection color from the nanowaves.

i

3. Conclusions

In summary, we have fabricated long-range ordered 1D nano-
walls and 2D nanowaves via HL and confined buckling. The
extent of lateral undulation could be controlled by varying
structure geometry and exposure dosage. Nanofibers were gen-
erated between the buckled nanowalls due to overlapping of the
neighboring weakly crosslinked regions. By comparing experi-
mental results with finite-element analysis,
we investigated the buckling mechanism
and confirmed that the nanofibers played
a significant role that prevented deformed
nanowalls from recovering to their original
state, resulting in long-range ordered wavy
structures. The ordered nanowave structure
showed weaker reflecting color under an
ambient light and lower transmittance com-
pared to its straight counterpart, nanowalls;
whereas the randomly deformed nanowaves
appeared white. By combining HL and pho-
tolithography through a photomask, we dem-
onstrated micropatterning of nanowaves vs.
nanowalls for optical display. We believe that
the investigation of buckling mechanism
in 1D structures via nanofiber formation
will provide new insights to fabricate highly
ordered 2D and 3D structures by harnessing
instability and pattern transformation. It
will also allow us to create a rich library of
complex patterns for advance applications,
such as displays, waveguides, wire-grid
linear polarizers, sensors, and substrates for
guiding cell proliferation.
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4. Experimental Section

Holographic Lithography: The 1D periodic nanowall pattern was
fabricated by two-beam HL (see Figure 1a). In brief, the photoresist
film was prepared from 40-58 wt% EPON SU-8 (Shell Chemical) and
2.0 wt% (relative to SU-8) Irgacure 261 (visible photoacid generator,
Ciba Specialty Chemicals) in 7butyrolactone (GBL, Sigma-Aldrich).
The solution was spin coated on a pre-cleaned cover glass, followed by
soft bake at 65 °C for 5 min and 95 °C for 15 min, respectively. The film
was exposed to a diode-pumped Nd:YVO, laser (1 = 532 nm, Verdi-6,
Coherent) with overall 1.0 W laser input (before beam splitting) for 15
to 20 s. The angle between two laser beams could be varied to achieve
different feature size. After exposure, the film was post-exposure baked
(PEB) at 65 °C and 95 °C for 2 min, respectively to crosslink the exposed
regions, followed by development in propylene glycol monomethyl ether
acetate (PGMEA, Sigma-Aldrich) for 30 min. Before drying in critical
point dryer (CPD, SAMDRI-PVT-3D, tousimis), the wet samples were
rinsed in isopropanol (IPA, Sigma-Aldrich) for 20 min.

Fiber Removal and Re-Swelling: A buckled sample with many connecting
fibers (width of 300 nm, AR = 6) was half covered with aluminum foil and
half exposed to oxygen plasma (30W, Harrick Plasma Cleaner PDC-001)
for 15 min to remove the nanofibers. Then the aluminum foil was removed
and the whole sample was developed in PGMEA for 1 h to re-swell the
sample, followed by rinsing in IPA for 30 min, and critical point drying.

Double Exposure: The sample was first exposed to interference beam
at 532 nm to create 1D nanowall pattern, followed by UV exposure
(A =365 nm, 400 m) cm?, 97435 Oriel Flood Exposure Source, Newport)
through a photomask, including a line pattern with 10 pm width and
20 pum pitch, and a “N” letter pattern in millimeter. The film was then
PEB, developed in PGMEA and CPD dried as described earlier.

Characterization: SEM images were taken from FE| Strata DB235
Focused lon Beam (FIB) system and the cross-sectional images were
taken from samples milled by the Gallium ion beam. The transmission
spectra were acquired by UV-Vis spectrometer (Varian Cary 100).

Finite-Element Analysis:. ABAQUS/Standard,?? a commercial finite-
element analysis software, was used. Young's modulus and Poisson’s
ratio of SU-8 were chosen to be 1.7 GPa and 0.49 according to the
experimental measurement. Nonlinear static analyses were performed
for the post-buckling prediction based on the buckling analysis. Three-
dimensional continuum element (C3D8) was adopted with 50 nm in
characteristic element length. The swelling ratio of SU-8 was assumed
to vary from 1.0 to 1.2 throughout the analyses. More detailed finite-
element mesh design and boundary conditions are available in the
Supporting Information.

Supporting Information

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