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Abstract Multi scale hierarchical structures underpin me-
chanical, optical, and wettability behavior in nature. Here
we present a novel approach which can be used to mimic
the natural hierarchical patterns in a quick and easy mask-
less fabrication. By using two-beam interference lithography
with angle-multiplexed exposures and scanning, we have
successfully printed large-area complex structures having a
cascading resolution and 3D surface profiles. By precisely
controlling the exposure dose we have demonstrated a ca-
pability to create different 3D textured surfaces having com-
parable aspect ratio with period spanning from 4 um to 300
nm (more than one order of magnitude) and the height span-
ning from 0.9 um to 40 nm, respectively. Up to three levels
of biomimetic hierarchical structures were obtained that show
several natural phenomena: superhydrophobicity, iridescence,
directionality of reflectivity, and polarization at different colors.
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1. Introduction

Multi scale hierarchical structures underpin mechanical,
optical, and wettability behavior in nature [1-12]. Most of
the fabrication procedures developed so far to mimic nat-
ural hierarchy have experimental complexity and limited
flexibility in structure symmetry [13-20], limitations in up-
scaling over extended macroscopic areas and lack of capa-
bility to structure 3D surfaces. Here, we show that using the
angle-multiplexed exposure of two beam laser interference
(2BI), hence a period modulation, combined with a lateral
scan and precise exposure dose control, an endless variety
of hierarchical 3D surfaces with features spanning over an
order of magnitude in period and height made on micro-
scaled surfaces with different geometrical symmetries can
be laser printed. Using this technique we have success-
fully demonstrated hierarchical surfaces which mimic the
wetting properties [21,22] of natural plant leaves, optical
properties of iridescence [23, 24], directionality of reflec-
tion and polarization of colors [15,25] exhibited in nature.

The most significant advantage of our technique over the
other surface patterning methods is that it is mask-less and
offers the flexibility to change the geometrical arrangement
and axial symmetry of both micro and nanoscale surface
patterns effortlessly. Another salient feature of our method
is that within a time of few seconds ~5 x 5 mm? region
can be enlarged into areas with centimeter cross sections
by sample translation which enables the mass production.
Many functions and properties exhibited by objects in
nature are result of hierarchical ordering of micro/nanoscale
structures and patterns by arranging simpler structures. The
self-cleaning surface of lotus leaf [1], the reduced drag and
hydrodynamics surface of a shark skin [2,3], the anisotropic
wetting surface of a rice leaf [4, 26], the highly adhesive,
superhydrophobic and surface enhanced Raman scattering
substrate of a rose petal [5, 6], the water repellent legs of
a water strider [7, 8], the anti-fogging compound eyes of
mosquito [9] and fly [27], a reversible adhesion of a gecko’s
foot [10, 28], and structural colors of moths, butterflies
[11] and bird feathers [12] are examples that have been
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Figure 1 Schematic of angle varied multiple exposure of 2Bl
process. The schematic showing dependence of the grating pe-
riod on the angle of two interfering beams. The beams L1-L1’ with
smaller angle 261 form a larger period (primary pattern), whereas
the beams L2-L2’ with a larger angle 260, form the smaller period
(secondary pattern) on the substrate (S). The sequential com-
bination of two periods produces the hierarchical structure. The
substrate is mounted on a turn table which can be rotated at an
angle («) to achieve different patterns. Colors of butterfly wings
were obtained as shown in the bottom right.

the source of motivation to follow the nature’s rule of hier-
archy for useful functions [24,29-31].

Usually to make a hierarchical pattern, a micro-
structured surface is fabricated in the first step and then
further processing is carried out to add nano-features over
it at the second step [13, 18-20] by combining different
fabrication techniques with different resolutions [32-35]
making a whole process long, complicated and limited to a
certain geometrical shape.

In this paper, we present a novel approach which can be
used to mimic the natural hierarchical patterns in a quick
and easy maskless process. A simple expose-scan exper-
imental setup is required to laser-print a complex struc-
ture with cascading resolution and 3D surface profile. It
is based on simplified multi-beam interference lithography
(MBI) [36] with only two beams (2BI) [37,38]. We added
angle-multiplexed exposures and scanning to achieve flex-
ibility and larger area coverage as shown in Fig. 1 (see
Supplement for details). By precise exposure dose control,
we demonstrate a capability to create 3D textured surfaces
with period spanning more than one order of magnitude
(4 — to - 0.3 um) while keeping the same aspect ratio of
different patterns with height spanning 0.9 —to- 0.04 pum.
This is achieved using long nanosecond laser pulses and
benefiting from a literally unlimited depth of the interfer-
ence pattern into the depth of the sample. This is the key
to writing on existing 3D surface created by multiplexed
exposures, the newly demonstrated capability of 2BI.

2. Experimental section
The glass substrates were first cleaned with acetone and ab-

solute ethanol and then rinsed with de-ionized water. The
BP-212 positive photoresist (Beijing Institute of Chemical

Reagents) was spin coated at 3000 rpm on the substrates for
a thickness of about 3 um. The glass substrates were then
prebaked on a hotplate at 110°C for 60 seconds. The sub-
strates were cooled to the room temperature before expo-
sure. The laser beam from a frequency-tripled, Q-switched,
single-mode Nd:YAG laser (Spectra-physics) with about
10 ns pulse width and 355 nm wavelength was split into two
beams. The two-beam laser interference setup was made as
shown in Supplementary Figure S1. For the primary pat-
terns of 3 um period the power of ~9 mm diameter laser
beam was set to 300 mW whereas for secondary patterns of
300 nm the power was reduced to 200 mW. The exposure
time in all the cases was one second. The samples were
then developed in a 0.2% (w/v) aqueous solution of NaOH
for about 3 to 5 minutes. The morphologies of the struc-
tures were studied using Field-emission SEM (JSM-7500F,
JEOL, Japan) and AFM (Digital Instruments Nanoscope
IITIA) in the tapping mode. Contact Angle was measured
using an OCA 20 system (Data physics GmbH, Germany)
at room temperature with droplet of about 0.5 ul. The im-
ages of the iridescence from structures were taken using a
digital camera. For measuring the optical reflectivity and
polarization characteristics, a 633-nm semiconductor laser
light source was used.

3. Results and discussion

Various combinations of one, two and three exposures for
each period with different axial symmetries between the pri-
mary and secondary patterns from 3 pm to sub-wavelength
300 nm are shown in scanning electron microscopy (SEM)
images in Fig. 2. Heights of the primary and secondary
patterns depend on the exposure dose (Supplementary
Figure S3 and Fig. 3) and are from 700 nm to 900 nm for the
primary and 50 nm to 100 nm for the secondary exposures,
respectively. The secondary pattern could be fabricated at
an arbitrary angle relative to the primary one (Fig. 2(c—
g)). These results demonstrate versatility and flexibility of
printing in which any symmetry (1D grating, 2D square, 2D
hexagonal) can be made either at the primary or secondary
level with an added flexibility of a phase shift in the axial
orientation.

Further demonstration of capabilities of the proposed
printing method is presented next with three levels of hi-
erarchical patterning (Fig. 2(h—i)). Three periods of 4 um,
1 pum and 300 nm were combined in the first, second and
third patterns. Exposure doses of second and third levels
were optimized to be lower as compared to the first level of
gratings. This results in a structure having a surface texture
of a 3-level hierarchy (Supplementary Table S1 shows de-
tails). Due to a shallower depth of structures with a smaller
period, it was important to keep the following exposure
sequence: first, exposure of the lager period (deeper pat-
tern) and, second, the smaller period patterns. The exposed
resist had a weaker absorption and this facilitated fabrica-
tion of deep patterns with alternating periods using multiple
exposures.
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Figure 2 SEM micrographs of surfaces fabricated by multiple exposure of angle varied 2BIl. From (a) to (i) the variations in the
morphologies of the surface patterns show the capability of the process: (a) 300 nm 1D grating at 90° orientation w.r.t. 3 um
1D grating; (b) 300 nm 1D grating at 0° orientation w.r.t. 3 um 2D square patterns; (c) 300 nm 2D square pattern at 0° orientation w.r.t.
3 um 2D square pattern; (d) 300 nm 2D square pattern at 45° orientation w.r.t. 3 um 2D square pattern; (e) 300 nm 2D square pattern
at 45° orientation w.r.t. 3 um 1D grating; (f) 300 nm 2D hexagonal pattern at 0° orientation w.r.t. 3 um 2D square pattern; (g) 300 nm
2D hexagonal pattern at 0° orientation w.r.t. 3 um 2D hexagonal pattern; (h) 300 nm and 1 xm 1D gratings at 90° orientation w.r.t. 4 um
1D gratings; (i) 1 um 1D gratings at 90° orientation w.r.t. 300 nm and 4 um 1D gratings. The scale bar in all images is 1 um.
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Figure 3 Wetting properties of hierarchical surfaces: (a) and (c) show the static contact angles of a droplet of water on the hierarchical
surfaces shown in 3D AFM images; (b) and (d) show the series of images (from left to right) when 0.5 | droplet of water approaches
the surface, touches it and then is pulled back from the surface of the structures of (a) and (c), respectively. The red circle in (d) shows
the little amount of water left on the surface in (c) due to stronger adhesion of the water droplet to the surface. The arrows indicate
direction of motion of the droplet.
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It is demonstrated next, that printed hierarchical micro-
nano-structured surfaces can mimic the wettability of natu-
ral leaves [1,22,39] and achieve super hydrophobicity with
a contact angle 6 >> 150°. Printed surfaces were treated
with fluoroalkylsilane to add chemical hydrophobicity in
addition to that caused by structure. The static water con-
tact angle on the structure which resemble the surface mor-
phology of the leaf of hygoryza aristata [21] (Fig. 2 (d)) is
shown in Fig. 3(a). The flat substrate surface had the contact
angle 8 = 114°, the surface with only primary square 2D
pattern of pins with 3um period exhibited 130°, and even a
larger static & = 138° was observed on the similar surface of
300 nm period (supplementary Figure S4). The contact an-
gle increased to 154° (Fig. 3(a)) for the hierarchical struc-
ture shown in Fig. 2(d).

Different surface wettability is underpinned by the
chemical and structural composition of the surface. If the
liquid and solid contours exactly connect to each other and
liquid completely fills the valleys between the peaks of a
rough surface, this corresponds to the Wenzel case with the
contact angle [40]:

cosf = rcosd,, (D)

where 1 is the roughness factor defined as the ratio of the
actual surface area to the projected area, and 6, is the con-
tact angle on the flat surface of the same material. For
the hierarchical texture shown in Fig. 2(d), the factor r =
1.45 was measured directly from the AFM map over area
of 10 um x 10 um. With 6, = 114°, it was found that
0 = 126° is expected (Equation (1)). However, the exper-
imentally measured contact angle was larger. The Cassie-
Baxter (CB) model [41] was applied where the droplet only
resides on the peaks over a rough surface, forming air pock-
ets between liquid and solid with the contact angle governed
by:

cosd = fg(cosb, + 1) — 1, 2)

where f; is the fractional contact area between the liquid
and the solid. For the Fig. 2(d) texture with 6 = 154° and
6,= 114°, the value of solid fraction f; was evaluated as
0.17.

When nanostructures form continuous grating lines on
the top of 2D micro structures (Fig. 2(b)) the wetting be-
havior is different. The contact angle of this surface was
6 = 150° (Fig. 3(c)), only slightly lower as compared to
that of the structure in Fig. 2(d). The increased solid frac-
tion f; was observed in this case. The following test revealed
dynamic behavior of wetting with droplet gradually sink-
ing into the structure until it touched the bottom surface. It
did not spread out even when it was firmly touched to the
bottom surface. When dragged over the surface (Fig. 2(d)),
the drop did not stick to the surface either and was easily
detached when raised up with the needle. In the case of
surface shown in Fig. 2(b), the droplet showed a stronger
adhesion (Fig. 3) while a small amount of water was left
on the surface after detachment in the case of a less hy-
drophobic surface. The transitional state [42] of the droplet

between CB and Wenzel wetting defines hydrophobicity of
the printed surface.

Apart from wetting properties, surface coloration is an-
other result of the surface structure. Iridescence - the hue of
surface is varied by changing the viewing angle - is sought
after in marking, security against counterfeiting and jew-
elry. In butterflies, iridescence is responsible for producing
attractive colors [11,12,23]. In flowers, it provides a cue to
animal pollinators [43]. Structures that produce iridescent
colors are classified into three types: multilayer reflectors,
three dimensional photonic crystals, and diffraction grat-
ings. The structure shown in Fig. 2(a) has parallel ridges
resembling a diffraction grating with a color appearance due
to diffraction. The iridescence from the diffraction gratings
is different from the other types of structures as the col-
ors are ordered from red to violet for observer at a fixed
observation angle according to the grating equation:

d(sinf, — sinf;) = mA, 3)

where d is the period of the gratings, 6; is the angle of
incidence, 6, is the angle of reflection of the diffraction
order m, and A is the wavelength of light. The flashy and
shimmering colors: blue, green, orange and red are clearly
observed as the viewing angle is gradually change (bottom
of Fig. 4(a)).

In addition to the striking iridescence of such printed
textured surfaces, polarization and directionality of re-
flection are expected to be pronounced as exhibited by
several biological species. The structural color reflection
from the shell of mollusk Helcion pruinosus [44] and on
the wing of moth Trichoplusia orichalcea [25] is found
to be highly directional. The structure of the wing (inset
Fig. 4(a)) is composed of raised ridges connected together
by a herringbone pattern of microribs. This arrangement of
the wing structure was reproduced by the proposed printing
(Fig. 4(a)).

On the basis of diffraction theory Straton-Silver-Chu in-
tegral [45,46], a theoretical model of the complex diffract-
ing wing structure of Trichoplusia orichalcea to predict its
polarization, directionality of reflection and color proper-
ties was developed [25]. It was found by calculation and
experiment that under the condition of specular reflection
(the angle of incidence equal to the angle of diffraction),
the diffraction intensity has a strong dependence on the
angle of incidence and on the azimuthal orientation of
the wing. Same analysis of the diffraction intensity and
the wing orientation for the printed structures is shown in
Fig. 4(b). The sample was mounted on a turning table which
could be rotated around the y-axis to select different val-
ues of incidence angles ®; and also the azimuthal orien-
tation was chosen by rotating around z-axis ®; (Supple-
mentary Figure S5). The sample was initially aligned along
the line OA (parallel to the micro scale ridges: ®, = 0°).
The linear polarizers were placed in the path of both in-
cident and reflected beams to record the same S-type or
P-type diffracted powers at 633 nm wavelength. The
diffracted power for the incidence angles of 45° and 60°
under the condition of specular reflection for both S and P

© 2017 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4 Optical properties of hierarchical surfaces. (a) SEM micrograph of the fabricated hierarchical structure mimicking the wing of
the moth Trichoplusia orichalcea [19] (inset in (a) shows SEM image of the actual moth wing; scale bar 1 um). The larger gratings have
a period of 3 um while the smaller is 300 nm. (b) Dependence of the diffracted power on the orientation of the mimicked wing structure

(rotation in the plane of the sample). The rotation angle ®, =

0° for the line OA (shown in (a)) corresponds to the vertical orientation.

The measured results for both S and P polarized light for the incidence angles of 45° and 60° at the wavelength of 630 nm. The units
on the y-axis are normalized to the direct power measured without reflection from the sample. (c) Colors of the visible spectrum from
violet to red caused by iridescence by gradually lowering the viewing angle.

polarizations (Fig. 4(b)) showed that the diffraction inten-
sity was increasing along the angle of incidence from 45°
to 60° for both polarizations.

The presented results agree to a high degree with the
theoretical predictions and experimental findings for the
real wing structure of the moth Trichoplusia orichalce [25].
When the orientation of the structure was changed from
+90° to —90° in the azimuthal orientation, it corresponds
to the path swapping betwen the incident and diffracted
beams. For the all incidence angles it was found that S
polarized light diffracted significantly stronger as compared
with P polarization. So, under non-polarised illumination of
natural light the structure can act as a linear polarizer with
a high efficiency depending on the orientation angle ©;.

4. Conclusions and outlook

We have demonstrated the multiple exposure of two beam
laser interference with angle variation and period mod-
ulation as a potential technique for direct printing of
biomimetic hierarchical structures. Based on sequence of
exposures, orientation angle of the sample and period of in-
terference pattern, a variety of multiscale surfaces with ge-
ometrically symmetrical structures has been be produced. It
has been shown experimentally that the obtained structures
can be used to mimic several natural phenomena: super
hydrophobicity, iridescence, directionality of reflectivity,

and polarization at different colors. The approach used
here can be applied to fabricate biomimetic surfaces which
can find potential applications in wide range of disciplines
of microfluidics, antifouling, decorative/holographic ele-
ments, colored jewelry, micro/nano optics, polarizing filters
and surface enhanced Raman scattering sensors. The pro-
posed method of surface printing can be easily adopted for
randomized patterns which produce new functionalities,
such as the low reflectivity and wide angular selectivity.
Surfaces for thermal management of light at IR wavelength
using Wolf’s effect can be made for narrow band emitters
[47].
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