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Abstract

1. Au vapor along surface normal A
2. Cu vapor at 30° A
3. PEG deposition at full exposure Q

Multicomponent nanostructures with individual geometries have attracted much attention because
of their potential to carry out multiple functions synergistically. The current work reports a simple
method using particle lithography to fabricate multicomponent nanostructures of metals, proteins,
and organosiloxane molecules, each with its own geometry. Particle lithography is well-known for
its capability to produce arrays of triangular-shaped nanostructures with novel optical properties.
This paper extends the capability of particle lithography by combining a particle template in
conjunction with surface chemistry to produce multicomponent nanostructures. The advantages
and limitations of this approach will also be addressed.
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INTRODUCTION

Multicomponent nanostructures arranged in designed geometries and positions have
attracted much attention because of their potential in attaining synergistic properties arising
from individual components.1® Compared with single- and two-component nanostructures,
complex multicomponent nanostructures could enable more functions that are not available
in their counterparts.® One reason is that different components often have coherent
interfaces, resulting in new properties that emerge from intercomponent interactions. An
example would be enhanced fluorophore emission induced by the interaction of surface
plasmons at metallic nanofilms with vicinal fluorophores located at the metal surface.5”
Therefore, multicomponent nanostructures possess multifunctionality through integration of
different functional components into a designed complex structure. Multicomponent
nanostructures with well-defined geometries will advance a broad range of applications in
nanocircuitry8-11 and biosensing.12-1°

Techniques utilized in generating multicomponent nanostructures include molecular self-
assembly,16-18 electron-beam (e-beam) lithography,19-20 and scanning probe lithography
such as nanografting?1-24 and dip-pen nanolithography (DPN).2>-28 Molecular self-
assembly relies on the interplay between thermodynamics, kinetics, and molecular—
molecular as well as molecular—surface interactions in the formation of nanodomains of
each component. This method has the advantage of simplicity but is limited to specific
molecules that can form self-assembled phases.1 In addition, the spatial distribution is
limited to the structures and segregations formed as a result of the balancing of kinetics and
thermodynamics. Thus, it is difficult to control geometry and size.1’ E-beam lithography
allows precise geometries and sizes to be produced on the substrate material. However, it is
time-consuming, requires expensive instrumentation, and is performed in high vacuum. In
addition, patterning biomaterials via e-beam lithography still remains challenging.*
Scanning probe lithography enables the highest spatial precision and is very versatile in
fabricating various components and geometries. However, these methods are relatively low
throughput and involve expensive instrumentation. Arrays of probes can remedy the
throughput issue to some degree but at the price of compromising density (~1.1 x 103 units/
mm?2) and spatial resolution.29-31

Complementary to the aforementioned methods, particle lithography provides a simple
means to produce nanoarrays of metals,32-37 self-assembled monolayers (SAMs),38-44
proteins,*>-48 polymers, 490 nanoparticles,51-53 and catalysts® for daily lab needs. Since its
initial success, particle lithography has been modified, extending its capabilities to binary
systems and hierarchical micro/nanostructures. By stepwise angle-resolved particle
lithography, binary arrays of Au and Ag nanostructures were fabricated.33 Recently, we
have reported that by sequential deposition of two metal vapors through two different
particle templates, binary nanopatterns were produced to allow the observation of the Moiré
effect at the nanometer scale.3” Combining microcontact printing and particle lithography,
hierarchical micro- and nanostructures with two different components were produced in one
printing step.5°

This paper represents further extension of particle lithography to produce multicomponent
nanostructures of metals, proteins, and organosiloxane molecules with individual
geometries. The choice of materials is based upon the fact that metals are key components in
nanoelectronic and nano-photonics devices.>%:7 In addition, arrays of multicomponent
proteins are key components in protein-based nanobiodevices such as sensors and assay-
based analysis tools.28-61
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Particle lithography was used in sequence, in conjunction with design surface chemistry
such as protein immobilization and silane chemistry. The resulting nanostructures were
characterized using high-resolution AFM. Five types of nanostructures are discussed to
reveal the enabling aspects and advantages of this approach. In comparison with the
aforementioned approaches, this method provides advantages of (1) simplicity without any
expensive equipment or ultrahigh vacuum, (2) practical throughput for daily research lab
uses, (3) versatility of patterning a broad range of materials, and (4) enabling a certain
degree of control over feature size and geometry.

EXPERIMENTAL SECTION

Materials

Glass coverslips (No.1) were purchased from Corning (Corning, NY) with lateral
dimensions of 18 mm x 18 mm and thicknesses of 0.18 mm. Au slugs (99.999%) and Cu
slugs (99.999%) were purchased from Alfa Aesar (Ward Hill, MA). Ethanol (EtOH,
99.99%) was purchased from Gold Shield Chemical Co. (Hayward, CA). Sulfuric acid
(95.0%), hydrogen peroxide (30% aqueous solution), ammonium hydroxide (30% aqueous
solution), tetrahydrofuran (THF, 99.5%), and toluene (HPLC grade) were purchased from
EMD Chemicals (Gibbstown, NJ) and used as received. Bovine serum albumin (BSA) was
purchased from Sigma-Aldrich (St. Louis, MO). 2-[Methoxy(polyethyleneoxy)propyl]-
trichlorosilane (PEG-silane) was purchased from Gelest (Morrisville, PA) and used as
received. Water (=18.2 M- cm) was generated from a Milli-Q system (Q-GARD 2,
Millipore, Billerica, MA) and used for dilution and washing. Nitrogen gas (99.999%) and
hydrogen gas (99.95%) were purchased from Praxair, Inc. (Danbury, CT). Silica
microspheres with diameters of 0.73 + 0.02 and 1.57 £ 0.02 um were purchased from
Thermo Scientific (Waltham, MA). The spheres were suspended in their original
concentration of 2% (w/v, aqueous) until usage.

Preparation of Multicomponent Patterns

Glass cover-slips were used as substrates and cleaned following previously reported
protocols.#5:51.55 |n brief, substrates were cleaned by immersion in piranha solution for 1 h
and subsequently in basic bath at 70 °C for 1 h. Piranha solution is a mixture of sulfuric acid
and hydrogen peroxide at a (v/v) ratio of 3:1. It is highly corrosive and should be handled
carefully. The basic bath is a mixture of ammonium hydroxide, hydrogen peroxide, and
water at a (v/v/v) ratio of 5:1:1. Substrates were then rinsed with copious quantities of
ultrapure water and dried in nitrogen gas.

The multicomponent patterns were fabricated on glass substrates by using particle
lithography. Briefly, template spheres were washed by centrifugation to remove charge
stabilizer and surfactants using previously reported protocols.37:38:42 Removal of charge
stabilizer and surfactants improves the quality of the packing. After cleaning, template
particles were resuspended in aqueous solutions by vortex mixing or sonication and used
shortly after to avoid aggregation. A drop of the sphere solution was deposited on a clean
substrate immediately and dried in ambient conditions to produce masks for lithography.
Sequential deposition of metal vapors and drop casting BSA through the same particle
template was performed to prepare multicomponent patterns. Drop casting has been used for
soluble components in particle lithography,42:46:48 and key steps include pipetting BSA
solution onto the glass surface and letting dry in an ambient and clean environment. The
patterns are composed of Au, Cu, and BSA arrays with periodicity of 1.57 pm while using a
monolayer of silica spheres (D = 1.57 um) as the template for sequential deposition. A 53
nm Cu thin film was deposited onto the template in a high-vacuum evaporator (model
DV502-A, Denton Vacuum Inc., Moorestown, NJ) at 10~/ Torr and room temperature. The
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incidence angle of the deposition was controlled to be 30° with respect to surface normal.
The evaporation rate was monitored by a quartz crystal monitor (Inficon Inc., East Syracuse,
NY) and controlled between 0.10 and 0.15 nm/s. After the deposition of Cu, a 53 nm Au
thin film was deposited onto the sample, with deposition angle 0° from the normal. After Au
deposition, 100 pL of 2 mg/mL BSA solution was drop cast onto the sample and allowed to
dry overnight. The multicomponent patterns were revealed after the silica spheres mask was
removed by sonication in H,O for 3 s. To retain bioactivity and prevent detachment,
sonication time was kept under 1 min.45

Sample Characterization with Atomic Force Microscopy (AFM)

Samples were characterized by an atomic force microscope (MFP-3D, Asylum Research
Corp., Santa Barbara, CA). All the AFM images were acquired under contact mode with
imaging forces of 15-25 nN. SigN4 cantilevers with a spring constant of 0.1 N/m were
purchased from Bruker (NP and MSNL, Camarillo, CA). The AFM images were acquired
and analyzed using Asylum MFP3D software developed on the Igor Pro 6.12 platform.

RESULTS AND DISCUSSION

Particle Lithography Enables Fabrication of Multicomponent Nanostructures

Key steps for producing multicomponent nanostructures are illustrated in Figure 1 using Au,
Cu, and BSA as examples. Au and Cu hybrid nanostructures are known to have a synergistic
plasmonic enhancement®2 and good thermal stability.53 BSA is commonly used as a
backfilling agent in protein immobolization reactions in biosensors.84-%6 It is known to
maintain bioactivity after deposition onto solid surfaces.” More details about the fabrication
process can be found in the Experimental Section. First, a monolayer of close-packed silica
spheres was formed by dropping 35 pL of silica sphere solution onto a glass surface. These
silica spheres served as a mask for subsequent Cu vapor deposition via thermal
evaporation.32:35-37 The incident angle of the deposition can be varied from 0° to 55°.32 In
creating the patterns in Figure 1, we chose 30° with respect to the surface normal. The
projected particle interstices determine the size, geometry, and spacing of the Cu islands.32
After Cu deposition, Au thin films were deposited through the same particle mask, but along
a different incidence, e.g., along surface normal. BSA solution is then drop cast through the
same particle mask and allowed to dry. The final structure was characterized after mask
removal. Note only one template D = 1.57 pum silica microspheres was used throughout the
lithographic process.

Figure 2 shows the triple-component nanostructures visualized using AFM. The patterns
contain three periodic arrays with the same periodicity 1.57 + 0.03 um, which were dictated
by the diameter of the silica microspheres. Figure 2A is a 50 x 50 um2 AFM image of the
patterns, showing a highly ordered structure formed across the region. It demonstrates the
high-throughput of the method. Figure 2B is the close-up view of the patterns, where
detailed structures of each component are clearly visible. The Au feature is an equilateral
triangle (blue). The side lengths of the equilateral triangles equal to 330 + 34 nm. The
thickness measures 53 + 1 nm. The geometry is consistent with previous reports using
similar incidence and protocol.34:3%:37 The Cu islands are isosceles triangular-shaped, as
highlighted in orange. The side lengths of the triangles are a = b = 331 + 23 nm and ¢ = 252
+ 21 nm, with thickness of 53 £ 1 nm. The deviation from equilateral triangle is controlled
by adjusting the incident angle during the vapor deposition. By increasing the incident angle,
more distortion from equilateral triangles is observed. The BSA molecules cover the entire
surface except for the dark circles (highlighted in green). The diameter of the circle is 472 +
51 nm, and the depth measures 7 + 1 nm. This corresponds to two layers of BSA molecules
since the diameter of BSA is 4 nm according to X-ray crystallography measurements.58

J Phys Chem C Nanomater Interfaces. Author manuscript; available in PMC 2014 November 07.
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Upon deposition, the close-packed particles provide a structural template to guide adsorption
of BSA molecules on surface. The proteins adsorb and pack closely onto uncovered
interstitial areas surrounding the base of the particle templates. The particles are removed to
leave protein nanostructures on the surface. Two layers of BSA molecules remain securely
attached to the surface with imprinted pore-shaped structures that conform to the circular
shape of the particle templates when the spheres are removed.*>48 The dark regions
correspond to the uncovered area previously occupied by the particles. The density of the
nanostructures calculated is 6.6 x 106 feature/mm2.

Particle lithography is a straightforward tool in patterning multicomponent nanostructures.
The size, shape, and spacing of the nanopattern can be controlled at the nanometer scale by
the diameter of the particle mask, as demonstrated in Figure 2C,D. For particle templates
with diameters as small as 0.73 um, particle lithography was applied successfully with the
overall morphology of hexagonal arrangement of BSA circles overlapped with Au and Cu
dot arrays in honeycomb morphology. A 5 x 5 um? AFM image in Figure 2C displays the
uniformity and periodicity of the patterned surface. The average periodicity of the patterns
measures 760 = 28 nm. The density of the nanostructures is calculated to be 3.1 x 107
feature/mm?2. A zoom-in topograph (2.5 x 2.5 um?) in Figure 2D reveals the structural
details of the patterns. Each component exhibits the distinct geometric feature in the same
region. The morphology of Au islands is equilateral triangles, as highlighted in blue. The
side lengths of the equilateral triangles are equal to 162 + 23 nm with thickness of 52 + 8
nm. The Cu islands display isosceles triangle-shaped morphology, as highlighted in orange.
The side lengths of the isosceles triangles are a = b =157 £ 10 nm and ¢ = 130 £ 9 nm, with
the thickness equal to 52 + 10 nm. The BSA arrays with a hexagonal arrangement of circles
are highlighted in green. The diameter of the circle is 194 + 23 nm with depth equal to 3.7 +
0.6 nm. It is apparent that particle lithography is a highly reproducible approach to fabricate
multicomponent patterns. The arrangement of each component reflects the long-range order,
dimensions, and periodicity according to the hexagonal packing of template spheres.

Particle Lithography Enables Fabrication of Arrays with Different Material Combinations

The capability of particle lithography in patterning a broad range of materials enables
fabrication of multicomponent structures with different material combinations. By using
different material deposition methods, geometry and the size of the features within the
patterns can be manipulated. Figure 3A-D represents four basic single-component patterns
generated using the D = 1.57 pm silica particles as templates. The patterns of equilateral
triangular arrays in Figure 3A were fabricated by vapor deposition of Au through a
monolayer particle mask. Hexagonal dot arrays in Figure 3B were fabricated by vapor
deposition of Au through a double-layer particle template. The sample in Figure 3C shows
circular arrays of octadecyltrichlorosilane (OTS) fabricated via deposition of OTS vapor
through a particle mask. Circular arrays of BSA shown in Figure 3D were fabricated by drop
casting of BSA solution through the particle template.

By combining the above-described steps, binary arrays with distinct geometric features for
each component can be produced, as shown in Figure 3E,G. Figure 3E shows Au and PEG-
silane arrays with periodicity of 1.57 um. The patterns were prepared by thermal deposition
of 47 nm of Au thin film through a monolayer particle mask, followed by vapor deposition
of PEG-silane molecules through the same mask. After the silica spheres mask was removed
by sonication in ethanol, the nanopatterns were revealed. The circular arrays correspond to
PEG-silane arrays, with inner ring diameter of 155 + 14 nm, outer ring diameter of 316 + 26
nm, and height of the rings measured at 3 £ 1 nm. The equilateral triangular arrays are Au
arrays; the side lengths of triangles equal to 340 £ 26 nm and thickness 65 + 2 nm.

J Phys Chem C Nanomater Interfaces. Author manuscript; available in PMC 2014 November 07.
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The patterns shown in Figure 3G are composed of OTS and BSA with periodicity of 1.57
pum. The sample was prepared by vapor deposition of OTS molecules, followed by drop
casting of 50 pL of 0.2 mg/mL BSA through the same mask. The patterns were imaged after
the silica spheres were removed by sonication in water. In these patterns, ring arrays of OTS
were surrounded by circular structures of BSA. The inner diameter of the OTS ring
measures 133 + 7 nm, with the line width and height being 77 = 8 nm, and 1.0 + 0.2 nm,
respectively. In between the OTS and the BSA region, a circular band region, 436 £ 12 nm
wide, appears darker in the AFM image. This region is uncovered or low coverage glass
surface. The rest of the surface is covered by BSA molecules. Patterns shown in Figure 3F
contain Au and OTS arrays with periodicity of 1.57 pm. The sample was prepared by
thermal deposition of a 47 nm of Au thin film through a double-layered particle mask,
followed by vapor deposition of OTS molecules through the same mask. After the silica
particle mask was removed by sonication in ethanol, the patterns were revealed. The circular
arrays are OTS arrays, with inner ring diameter of 181 + 12 nm, outer ring diameter of 606 +
41 nm, and a height of 6.8 + 0.8 nm. The hexagonal dot arrays are Au arrays; the dimension
of the dots is 75 = 22 nm, and the thickness of the dots is equal to 57 £ 7 nm.

By selective introduction of the third material through the same particle mask, one can
produce designed tri-component patterns. Figure 3H shows triple-component patterns
composed of Au, Cu, and PEG-silane arrays with periodicity of 1.57 pm. The sample was
prepared by sequential deposition of Cu and Au and PEG-silane vapors through the same
particle template. Deposition of Cu and Au through colloidal templates results in formation
of triangular-shaped nanostructures. During the PEG-silane vapor deposition, water
meniscus formed following the base of the sphere at the sphere—surface contact to initiate
local surface hydrolysis of PEG-silane to bind to substrates. The meniscus exhibits circular
geometry whose width depends on the humidity and local surface tension and, as such,
results in the formation of the ring-shaped siloxane nanostructures.38:42 The area between
the substrate and the base of the spheres is an effective guide to form the nanostructures with
circular geometry. After mask removal, the resulting structure is a combination of
equilateral triangular arrays of Au, isosceles triangular arrays of Cu, and circular arrays of
PEG-silane. As shown in Figure 3H, three materials with three different geometric features
are observed in the same region. The Au islands are equilateral triangular-shaped, as
highlighted in blue. The side lengths of the equilateral triangles equal 354 = 49 nm while
thickness measures 44 + 3 nm. The Cu islands are an isosceles triangular shape, as
highlighted in orange. The side lengths of the isosceles triangles are a=b =419 £ 21 nm
and ¢ = 328 £ 17 nm, with thickness of 44 + 4 nm. The PEG-silane arrays are circular
structures, as highlighted in red. The outer diameter of the rings is 493 + 18 nm, and the
inner diameter of the rings is 229 + 40 nm, with depth equal to 13 + 2 nm. This
demonstrates that geometry of individual features within the patterns can be controlled by
simply utilizing different material deposition methods.

While particle lithography provides a simple tool for production of multicomponent
nanostructures with practical throughput, limitations are present. Since the periodicity is
dictated by the diameter of the template particles, it is difficult to produce patterns with
various periodicities within one template cycle. The current remedy is to use multiple steps
each with designed particle diameter, which makes this protocol longer than desirable. In
addition, the geometry of the features and distribution of defects have profound dependences
on the packing and registry of the particle template. For example, triangular structures
correlate to the projection of the particle mask interstices onto the substrate, while circular
structures correspond to the contact region between the particles and substrate. It is still
challenging to produce designed geometries. Effort is ongoing to adjust the surface reactions
under the templates to expand the horizons of the geometries.

J Phys Chem C Nanomater Interfaces. Author manuscript; available in PMC 2014 November 07.
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CONCLUSIONS

A simple method using particle lithography sequentially in conjunction with surface
chemistry was developed to fabricate multicomponent nanostructures. A film of
monodispersed particles serves as a material guide for the deposition of different materials
in a designed sequence. After the particle mask is displaced, multicomponent nanostructures
are revealed, each component with well-defined size and geometry. Feature size and
geometry of the patterns can be manipulated by adjusting the size of the particle template
and deposition methods. Such a method has the advantages of simplicity, high throughput,
and a capability of patterning a broad range of materials. Work is in progress to expand the
applications of the multicomponent nanostructures.
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Figurel.
Key steps for fabricating multicomponent patterns via particle lithography: (1) A monolayer

of silica microspheres was formed via drop-dry method on a glass substrate. (2) Cu was
deposited via vapor deposition on the glass through the silica particle mask at 30° with
respect to the surface normal. (3) Au was deposited via vapor deposition onto the substrate
at 0° from the normal. (4) BSA solution was drop cast through the same particle mask and
allowed to dry. (5) The silica template was removed via sonication.
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Figure 2.

Patterns composed of Au, Cu, and BSA arrays were fabricated by particle lithography: (A)
50 x 50 um2 AFM image of the multicomponent patterns with periodicity of 1.57 um:; (B)
zoom-in of (A) revealing the structural details; (C) 5 x 5 um? AFM image of the Au, Cu,
and BSA arrays with periodicity of 0.73 pm; (D) zoom-in of (C) revealing the structural
details. A Au equilateral triangle, a Cu isosceles triangle, and a BSA circle are highlighted in
blue, orange, and green, respectively. The scale bar in (A) is 10 um; the scale bars in (B) and
(D) are 0.5 um, and the scale bar in (C) is 1 pm.
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Second metal vapor deposition

Particle lithography enables fabrication of nanostructures with different material
combinations: (A) 8 x 8 um2 AFM image of Au triangular arrays fabricated by vapor
deposition of Au through a monolayer particle mask; (B) 8 x 8 pm2 AFM image of Au dot
arrays fabricated by vapor deposition of Au through double-layer of particle mask; (C) 8 x 8
um2 AFM image of OTS circular arrays fabricated by deposition of OTS vapor through a
monolayer particle mask; (D) 8 x 8 um? AFM image of BSA circular arrays fabricated by
drop casting of BSA solution through a monolayer of particle mask; (E) 8 x 8 um2 AFM
image of Au and PEG-silane arrays; (F) 8 x 8 um2 AFM image of Au and OTS arrays; (G) 8
x 8 um2 AFM image of OTS and BSA arrays; (H) 4 x 4 um2 AFM image of Au, Cu, and
PEG-silane arrays. A Au equilateral triangle, a Cu isosceles triangle, and a PEG-silane ring
are highlighted in blue, orange, and red, respectively. The inset is zoom-out image of (H);

scale bar is 2 um.
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