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ABSTRACT: We report the fabrication of large area, thin
asymmetric free-standing two-dimensional (2-D) photonic
crystals. We fabricate large area 2-D close-packed mono-
disperse polystyrene (PS) particle monolayers at air/water
interfaces by using our needle tip flow method. We then layer
tetraethyl orthosilicate (TEOS) onto the 2-D array to form a

thin TEOS layer on the 2-D particle array on water. The hemispheres of PS particles located within the TEOS phase swell such
that the adjacent particle hemispheres fuse. After TEOS evaporation, we obtain a free-standing connected photonic crystal film of
hemispheres that efficiently diffracts light. The other side of the photonic crystal film consists of a fused connecting thin, flat
sheet. Reactive ion etching (RIE) of the asymmetric films forms unusual, rough particle 2-D arrays and 2-D flower-like arrays.
Mechanical abrasion allows one to separate the resulting novel Janus particles.

B INTRODUCTION

Two-dimensional (2-D) nanostructured free-standing thin films
are of interest because of their unique properties in areas such
as optics, sensing devices, and separation membranes.' ™ Free-
standing films have been fabricated by layer-by-layer assem-
bly,lb’3 solution casting,4 surfactant-assisted deposition,5 and
through filtration of dispersions of materials using membrane
filters.” For example, Jiang et al. reported fabrication of
composite membranes by spin-assisted layer-by-layer assembly
on sacrificial substrates."™ Vendamme et al. reported the
formation of a hybrid interpenetrating network (IPN) free-
standing nanofilm by spin-coating a reaction solution of organic
and inorganic precursors that were cross-linked to organic and
inorganic networks.” Free-standing films have also been
fabricated at liquid/air and liquid/liquid interfaces.® "

The asymmetric chemical properties of Janus particles, for
example, can be utilized for emulsion stabilization, while
chemically anisotropic particles can be used for nanomotor
propulsion.’”> Existing asymmetric structures include Janus
spheres, micelles, rods, and discs. Asymmetric nanosheets are
also useful because of their highly anisotropic shape and surface
chemistry."> Chemically anisotropic nanosheets have been
shown to achieve more stable emulsions than do Janus spheres,
because the nanosheets better stabilize the emulsion by
anchoring to the interfaces.'>*"

Yang et al. recently reported a technique for the large-scale
fabrication of inorganic asymmetric nanosheets by crushing
silica hollow spheres whose interior surface chemistry differs
from that of its exterior."> Fujii et al. described a method to
make asymmetric films by forming 2-D particle arrays on top of
aqueous solutions that contain reactive monomers that
selectively polymerize at the water-exposed particle surface.'*"
It would be of great value to discover additional methods to
form asymmetric materials for new applications.
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In the work here, we demonstrate a facile approach to
fabricate large asymmetric free-standing two-dimensional (2-D)
crystalline colloidal array (CCA) films by fusing 2-D colloidal

particle arrays at the air—water interface.

B EXPERIMENTAL SECTION

600 nm diameter polystyrene (PS) particles were synthesized
according to a previous method.'"* We utilized a PS suspension
concentration of 20 wt % in water. The PS 2-D array on water was
fabricated using the previously reported needle tip flow method."
Briefly, the PS dispersion and the 1-propanol were mixed at a ratio of
3:1 in volume. The PS suspension then was layered onto a water
surface where the particles spread to assemble into a close-packed 2-D
array at the air/water interface in a 9.5 cm diameter glass dish. Next
200 pL, 400 uL, or 800 uL of TEOS was carefully layered onto the 2-
D PS array on the water surfaces. PS particles partially dissolved in the
TEOS phase. 2-D asymmetric photonic colloidal crystal films formed
upon TEOS evaporation in air. These films can be easily transferred to
different substrates.

RIE treatment was carried out by using a Reactive Ion Etching
System (RIE, Trion Technology Phantom III LT). Pure oxygen gas
with a flow rate of 50 sccm was used as a plasma source to etch the
photonic crystal array films at varying RIE durations. The ICP power
and RF power are 300 and 30 W, respectively. The total pressure is 10
mTorr (1 Torr 133.3 Pa)

The asymmetric films on flat cover glass were sputter coated with a
thin layer of Au, and the arrangement and surface morphology of the
films was observed by using a scanning electron microscope (SEM,
Joel JSM6390LV). The asymmetric film surface topography was
measured by using an Asylum MFP-3D atomic force microscope
(AFM, Bruker) in a tapping mode. TEM observations were carried out
by using a transmission electron microscope (FEI Morgagni 268).

The contact angles were measured by using a VCA-OPTIMA drop
shape analysis system (AST Products, Inc.). Liquid droplets (water
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and TEOS) with a volume of 2 yL were used to measure the static
contact angle. The measurement was performed in air at room
temperature. Diffraction measurements were conducted at a fixed
angle by utilizing an Ocean Optics USB4000 high-resolution
spectrometer, a LS-1 tungsten halogen light source, and an R-series
fiber optic reflection probe. The measurement was carried out in the
Littrow configuration with a ~33° measurement angle between the
probe and the normal to the 2-D array.

B RESULTS AND DISCUSSION

Figure 1 illustrates our free-standing photonic crystal film
fabrication method. We assemble a large 2-D array of colloidal

|
‘o [

Figure 1. Preparation of asymmetric free-standing photonic crystal
array film: (a) TEOS is layered onto the 600 nm diameter PS particle
2-D array prepared by the needle tip flow method; (b) a thin layer of
TEOS forms on top of the PS particle array; (c) the PS particles in
TEOS swell and partially dissolve; and (d) the neighboring particles
fuse as the TEOS evaporates.

PS particles on a water surface by using our recently developed
needle tip flow technique that spreads a dispersion of
monodisperse PS particles in alcohol on a water surface. The
particles self-assemble into a hexagonal close-packed 2-D
array.’® The close-packed 2-D array fills the water surface.
We then layer ~200 yL of TEOS onto the 2-D array on the
water surface (Figure la). The immiscible TEOS spreads to
form a thin liquid layer that sandwiches the 2-D array between
the TEOS layer and the water phase (Figure 1b). The PS
particles swell and partially dissolve in the TEOS phase (Figure
lc), forming a continuous asymmetric free-standing 2-D
photonic crystal film on the water after TEOS evaporation
(Figure 1d). Here, we used a 9.5 cm diameter glass dish for the
2-D array fabrication, and added 200, 400, or 800 L of TEOS
to the 2-D array surfaces. We can fabricate larger films by using
larger area water surfaces.

Figure 2a shows a photograph of a free-standing 2-D particle
array film formed on a water surface. The film on the water
surface is mechanically strong due to the fusing of neighboring
particles, allowing it to be easily transferred from the water
surface to substrates. Without fusing the particles, it is
challenging to transfer the fragile free-standing 2-D particle
array films.'>~"” Figure 2b and c shows a free-standing photonic

Figure 2. (a) Photograph of the 2-D CCA film formed on a water
surface in 9.5 cm diameter glass dish formed by layering and
evaporating 200 uL of TEOS. Photographs of asymmetric films
transferred onto (b) metal mesh and (c) a flat glass slide; SEM images
of the 2-D films showing asymmetric film (d) top surface, (e) edge
view, and (f) bottom hemispherical array morphology.

crystal film that was transferred from the water surface to a
metal mesh and to a glass substrate.

The free-standing photonic crystal film formation process
must involve swelling and partial dissolution of the PS particles,
and fusing of adjacent particle polymer regions. Our conclusion
that the PS particles fuse derives from the flat thin film
morphology of the resulting asymmetric films and from the
observation that the diffraction from a 2-D PS array in contact
with TEOS disappears within 1 h. Because the refractive index
of TEOS is 1.38, refractive index matching cannot cause the
diffraction to disappear. Only loss of the PS particle’s refractive
index modulation can cause the diffraction to disappear. The
only simple mechanism leading to a modulation loss must be
through fusing together of the PS particles to form a
homogeneous PS slab.

TEOS is immiscible with water and has a smaller density
(0.93 g/cm®) than water (1.0 g/cm®). TEOS spreads on the
close-packed 2-D particle array on the water surface to form a
thin liquid TEOS top layer (thickness ~30 pm for 200 uL of
TEOS); the measured contact angle of TEOS with the 2-D PS
array on a glass slide is too small to measure (<S°, data not
shown). In contrast, the measured contact angle of water on the
2-D PS array is ~63°. Assuming negligible gravitational and
buoyant forces at the TEOS/water interface, the particle
positions at the interface equilibrate in recognition of the three

interfacial tensions, following Young’s equation:'®"?
Fus = Yoy = Toy €080 (1)

where 6 is the contact angle at the three phase interface. ¥, Y10
and y,, are the interfacial tensions at the water/PS, TEOS/PS,
and TEOS/water interfaces (Figure 1b, inset). The balance
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between the interfacial tensions determines the PS particle
location at the TEOS/water interface. We calculate the contact
angle, 0, at the TEOS/water interface as 79° (see the
Supporting Information). In this case, the particle thickness
ratio in the TEOS phase relative to that of the water phase (h,/
h,) is ~2:3 (Figure 1b).

The TEOS layer partially dissolves the PS particles (Figure
1c), causing them to swell and fuse.”® After TEOS evaporation,
we obtain free-standing thin 2-D array films on the water
surface (Figure 1d). Although there might be a small amount of
TEOS hydrolysis, we see no evidence of small SiO, particles.

Figure 2d—f shows SEM images of the highly asymmetric
photonic crystal films. The top of the film that contacted the
TEOS is relatively flat (Figure 2d), while the bottom of the film
contacting water consists of a 2-D array of hemispherical
protrusions (Figure 2f). Figure 3a and b shows 3-D tapping

50

Cc ° d “i
€ 4 4
(-]
E_: g JIE fwf\/\‘ww
[ g u‘g.
o X i
- 2
b= ] H H ]
00 10 20 30 40 50 wm
- um }
e : . . . . f JJUE
N ..y T EVATATATA
~ 0 (S
- AR AT z o |
g " N se a
D o &% . 0 1 2 3
“00 05 10 15 20 25 30 pm

um

Figure 3. 3-D AFM height photographs of (a) top and (b) bottom
surfaces of the asymmetric film; 2-D AFM topographs of the (c) top
and (e) bottom of 2-D PS array and bottom of the 200 yL TEOS
asymmetric film; (d) and (f) are AFM height profiles along indicated
lines in (c) and (e) showing nearest neighbor particle spacings of 606
and 670 nm, and the roughness or <10 and >250 nm.

mode AFM images. The top homogeneous flat surface shows a
roughness of <10 nm (Figure 3c and d). The bottom side
containing the 2-D array of hemispheres shows a ~665 nm
periodicity with a peak-to-trough height of >250 nm (Figure 3e
and f).

Figure 4a—d shows the SEM images of the original PS array
and the bottom of the free-standing films formed on water
obtained by layering 200, 400, and 800 yL of TEOS on the top
of 2-D particle arrays. For SEM of the film bottom side, we
placed a dry glass slide onto the film surface upon which it
adhered and removed the film from the water surface. For
TEM, we placed a carbon-coated copper grid onto the film
surface that adhered. We then lifted it from the water surface.
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Figure 4. (a—d) SEM and (e,f) TEM images of (a,e) original PS array,
and of free-standing films prepared by adding (b,f) 200 yL, (c,g) 400
4L, and (dh) 800 4L of TEOS.

-

SEM and TEM (Figure 4e—h) of the original 2-D array show
the expected hexagonal array of spherical particles. The PS
particle surfaces appear crisp, and no bridging is evident
between particles. In contrast, the TEOS contacted arrays show
less TEM contrast, and the particles appear fuzzier as the
amount of TEOS used increases. In addition, we see features
indicating formation of neighboring particle interconnections
that are associated with polymer filling the interstitial spaces.

The Figure Sa inset shows a photograph of the PS 2-D array
and a free-standing asymmetric film on top of a front surface
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Figure S. Diffraction of 2-D PS array and the asymmetric free-standing
film on a reflective silver surface mirror. The diffraction measurements
were carried out in a Littrow configuration, and the measurement
angle between the probe and the normal to the 2-D array is ~33°. The
inset shows an optical photograph taken at an angle of ~33° to the
normal to the film.

silver mirror. The asymmetric films show strong light diffraction
that is slightly weaker than that from the original PS array. The
asymmetric film diffraction occurs at somewhat longer
wavelengths because of a small increase in particle spacing
induced by the TOES. The average particle spacing measured
by AFM is 606 nm for the PS array and 667 nm for the film
bottom hemispheres (Figure S1 in Supporting Information and
Figure 3f).

The 2-D Bragg diffraction condition in the Littrow
configuration is: mA = 3Y2d sin ¢, where m is the diffraction
order, A is the wavelength of the diffracted light, d is the nearest
neighboring particle spacing, and ¢ is the angle between the
incident light and normal to the 2-D array.*' Here, ¢ is ~33°.
The 2-D diffraction wavelength of the original PS array and the
asymmetric film should be 4 = 571 and 629 nm, respectively,
which agree well with the measured values (570 and 632 nm for
PS and film, respectively).

Other solvents, such as cyclohexane, with similar properties
can also be used for the free-standing film preparation. If we
layer 200 uL of a good PS solvent, ethyl acetate, on the 2-D
arrays on water, instead of TEOS, the PS particles completely
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dissolve, and a completely homogeneous film forms on the
water surface after the ethyl acetate evaporates (Supporting
Information, Figure S2). The film does not diffract. Layering of
200 uL of TEOS followed by evaporation onto a 2-D SiO,
particle array on water has no impact, indicating that the
asymmetric free-standing film formation is caused by the fusing
of the PS particles with a negligible contribution of any
hydrolysis/condensation of TEOS.

We are able to utilize these asymmetric 2-D array films to
fabricate a new class of Janus particles and a 2-D “flower-like”
array by etching the asymmetric photonic crystal thin films
described above. Reactive-ion etching (RIE) is a highly
anisotropic etching technology for micro-/nanofabrication
that uses reactive plasmas containing charged particles, excited
neutrals, radicals, etc. RIE has been used to etch polymer
surfaces and create size-controllable nonclose-packed PS
arrays.”> In the work here, we etched our photonic crystal
array films by using oxygen RIE.

Figure 6a—d shows SEM images that monitor the impact of
oxygen RIE etching of the original and the asymmetric 2-D

Figure 6. SEM micrographs measured after 3 min of reactive ion
etching (RIE) treatment of (a) PS array, and asymmetric films
prepared by adding (b) 200 uL, (c) 400 uL, and (d) 800 uL of TEOS
to the top surface. SEM images of 200 L TEOS films after 3 min with
RIE treatment of asymmetric film (e) bottom side and (f) top side.
Individual Janus particles are released from asymmetric film. In (e) the
hemispheres are roughened and the back of the hemispherical particles
was protected. In (f) the hemispheres are protected and the back of
the film particle surface is rough.

arrays. Three minutes RIE of the original 2-D array films results
in an obvious roughening of the particles and decreased particle
diameters. The particles are no longer close-packed, and the
particles are likely now not spherical.”> The surfaces of the PS
array and the films treated for 3 min are rough, similar to the
morphology reported for poly(ethylene terephthalate).”’
Figure 6b—d shows the increasing roughening and the
formation of bumps on the asymmetric film particle surfaces
after 3 min RIE. The degree of RIE roughening of the PS arrays
seems to increase with the amount of TEOS used to prepare

the asymmetric free-standing films. However, any clear
conclusions are confounded by the fact that the hemispherical
protrusion heights decrease with the amount of TEOS used.
Figure 6e and f shows that RIE of our asymmetric 2-D particle
array films results in fragmentation into their individual
constituent particles. Figure 6e shows Janus particles formed
by RIE of the protruding hemispherical arrays where the rough
surface is the eroded hemispherical surface. In contrast, Figure
6f shows Janus particles formed by irradiation of the back of the
asymmetric films, where the thin back of the protrusions is
eroded. Increasing the RIE time over 4 min fractures the system
to form individual particles.

The RIE etching mechanism can be considered as a process
where polymer degradation results in a low molecular weight
liquid film that dewets the polymer causing complex
morphologies.”> RIE chain scission produces a liquid layer of
low-molecular-weight fragments on the immobile PS solid
surface. Rayleigh instabilities arise to form protrusions on the
surface because the low-molecular-weight fragments dewet the
PS surface.”

Increasing the RIE treatment time causes increased erosion
of the asymmetric film and the PS protrusions. Figure 7 shows

Figure 7. SEM images of 200 yL TEOS free-standing asymmetric
photonic crystal films after (a) 6, (b) 10, (c) 20, and (d) 40 min RIE

treatment.

SEM images of an asymmetric film formed with the use of 200
uL of TEOS treated for 6, 10, 20, and 40 min, respective. We
find that the flower pattern area decreases and the flowers show
deeper grooves as the etching time increases. The 2-D patterns
etched for 6, 10, and 20 min surprisingly show hollow grooves
that are caused by the Rayleigh instability.”*

RIE treatment does not destroy the 2-D ordered structures;
therefore, the RIE treated films still show 2-D diffraction. Three
minutes RIE treated PS particle arrays and Janus films show
strong diffraction (Supporting Information, Figure S3a), quite
similar to the untreated PS array and free-standing films. As
shown in Figure S3b, the diffraction intensity of the films
prepared by adding 200 uL of TEOS decreases with increasing
RIE time. It is difficult to observe the diffraction from the films
treated with 20 and 40 min RIE because of the decrease in the
refractive index modulation of the monolayer films that is
caused by the thinning 2-D PS structures.

In conclusion, we prepared large area asymmetric free-
standing 2-D thin photonic crystal films by adding TEOS to a
close-packed 2-D PS particle array located at the TEOS/water
interface to partially dissolve and fuse the particle array. TEOS
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evaporation leaves behind a rugged thin, free-standing film at
the air/water interface that is smooth on the TEOS exposure
side and consists of a 2-D array of hemispherical PS protrusions
on the water side. RIE roughens the particle surfaces, resulting
in Janus particles.

B ASSOCIATED CONTENT

© Supporting Information

AFM topography image of the asymmetric film top surface;
SEM image of the bottom side film obtained by layering 200 uL
of ethyl acetate on PS 2-D array on water; optical photographs
showing the 2-D diffraction of the RIE treated films; and
calculation of contact angles at the three-phase interface. This
material is available free of charge via the Internet at http://
pubs.acs.org
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