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ABSTRACT: We report a new protocol for the preparation of shape-controlled
multicomponent particles comprising metallic (Au and Ti), magnetic (Ni), and oxide
(SiO2, TiO2) layers. Our method allows for a precise control over the composition,
shape, and size and permits fabrication of nonsymmetrical particles, whose opposite
sides can be orthogonally functionalized using well-established organosilanes and thiol
chemistries. Because of their unique geometries and surface chemistries, these colloids
represent ideal materials with which to study nonsymmetrical self-assembly at the
meso- and microscales.
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■

INTRODUCTION
Over the past few years, multicomponent particles have
emerged as new colloidal structures with anisotropically
distributed properties that have opened up a wide ﬁeld of
unique applications in medicine, biochemistry, optics, physics
and chemistry.1−4 For example, two-faced Janus particles (JPs)
have been used as unique nanosensors and nanoprobes,5−9 and
as eﬃcient microscopic mixers and emulsiﬁers.2,3 Bicolored
anisotropic colloids have been applied in switchable devices and
electronic displays;10 while small nanoscopic multicomponent
particles have been proposed for applications in targeted drug
delivery and advanced bioimaging.11−13 Shape-controlled
anisotropic colloids functionalized with complementary organic
or biological molecules have been suggested as attractive
building blocks for new types of self-assembled materials.13−19
The macroscopic parameters of such self-assembled materials
strongly depend on the geometrical, physical, and chemical
properties of their elemental components, making anisotropic
multicomponent particles ideal candidates for tunable selfassembled aggregates with unique physical and optical
properties and potential applications in photonics and
electronics.
The synthesis of such particles, however, remains a
challenging problem. Usually, such colloids are prepared from
the corresponding monocomponent units via diﬀerent
desymmetrization procedures, such as techniques based on
toposelective surface modiﬁcation,12,14,20−30 template-directed
self-assembly,31−34 controlled phase separation,35−40 and
controlled surface nucleation and growth.41−45 None of these
© 2013 American Chemical Society

methods, however, provide access to inorganic colloids with
precisely controlled geometry, mainly because the majority of
the solution-based methods for meso- and microcolloids yield
only simple spherical particles. Two-dimensional shapecontrolled manufacturing can accurately deﬁne particle
geometry via various patterning techniques. However, to date,
shape-controlled manufacturing has been primarily focused on
the preparation of monocomponent polymeric colloids, and its
application toward multicomponent inorganic particles has yet
to be demonstrated.15,46−53
Inorganic colloids can oﬀer several advantages in sensing and
optical applications.54−56 They can incorporate multiple oxide
and nitride layers with desired dielectric constants for selective
photonic waveguiding, or contain nanostructured metallic
interfaces for plasmonic sensing and detection. Moreover,
metallic and oxide colloids can present a variety of organic and
biological self-assembled monolayers on their sides, making
such particles ideal building blocks in ligand-speciﬁc selfassembly studies. Therefore, a universal technique that provides
simple access to fully inorganic, nonspherical, and multicomponent particles with precisely controlled composition,
dimension and geometry is greatly needed. In this study, we
demonstrate a new manufacturing protocol that yields
anisotropic multicomponent microcolloids with precisely
deﬁned geometries and composition, like those shown in
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each other in its absence, permitting ligand-speciﬁc selfassembly studies.
Particle Fabrication. To manufacture these colloids, we
used a combination of two-dimensional micromachining
techniques (Figure 2a and b). First, an array of gold−nickeltitanium structures was fabricated on an oxidized silicon wafer
using photolithography and physical vapor deposition. These
structures were covered with a silicon oxide layer, which was
subsequently patterned by reactive ion etching using a positive
photoresist as an etching mask. The exposed gold-oxide
particles (Au−Ni−Ti−SiO2) were removed from the wafer by
simple sonication in ethanol, due to the low adhesion force
between the gold and the native oxide layer on the silicon wafer
(Figure 2b).57 The developed technique inherits all the
advantages of photolithography, such as high precision and
high throughput, and permits preparation of particles with
virtually unlimited geometries and compositions. Notably, the
protocol produces ordered arrays of the particles immobilized
on a ﬂat surface with their silicon oxide side facing up. Such
prearrangement not only signiﬁcantly alleviates orthogonal
functionalization of the particles, but also allows for their
selective patterning and labeling through various lithographic
techniques, as well as for the precise compartmentalization of
the JPs for applications in switchable devices.10
Figure 2b (middle) shows an array of Au−Ni−Ti−SiO2
particles on a silicon wafer after reactive ion etching and
positive resist removal. These particles are 8 μm squares
comprising layers of gold (500 nm), nickel (75 nm), titanium
(75 nm), and silicon oxide (150 nm). The nickel layer gives
these particles induced magnetic properties, while the titanium
layer serves as an adhesion layer for silicon oxide. As it can be
seen from the SEM images, the produced particles were
monodisperse and remained intact on the wafer and were not
disturbed or shifted during the etching. SEM analysis conﬁrms
that all particles were successfully transferred from the wafer to
the ethanol solution after sonication. The intrinsic ferromagnetic properties of the internal Ni layer ensured facile
separation. Figure 2b (bottom) shows gold-oxide (Au−Ni−
Ti−SiO2) particles on a clean gold surface after they were
magnetically separated from the solution. The image clearly
shows the diﬀerence between the gold and oxide sides and
demonstrates uniform morphology and monodisperse size
distribution. In ethanol, colloids bearing nonmagnetized nickel
layer did not show any tendency toward the aggregation
without the external magnetic ﬁeld. In the presence of the
external ﬁeld, depending on its strength, they were either
attracted to its source or demonstrated uniform ﬁeld-dependent
orientation.
The described method relies on a photolithographic
alignment to pattern isotropically deposited silicon oxide
layer. On advanced instruments, such alignment can be
executed with sub-100 nm precision, however, in majority of
routine applications it restricts the resolution to a micrometer
region. To obviate this limitation we required a method that
does not rely on the alignment and, at the same time, produces
shape-controlled metal-oxide particles amenable to orthogonal
functionalization with at least two diﬀerent types of organic or
biological molecules. Many metal oxides can support wellordered and robust SAMs. Such metal oxide ﬁlms can be easily
prepared by directly oxidizing anistropically deposited metallic
ﬁlms. Therefore, we decided to substitute an isotropic PECVD
deposited silicon oxide layer with an isotropic PVD deposited
titania thin ﬁlm. Such multicomponent metal−metal oxide

Figure 1. We then present a functionalization strategy that
permits facile nonsymmetrical modiﬁcation of the particle sides

Figure 1. (a) Dimensions and composition of various Janus particles.
(b) SEM images of (from top left, counter-clockwise) prepared
inorganic particles still attached to the wafer, hexagonal inorganic
particles collected after removal from the supporting wafer, collected
square inorganic particles, and optical micrographs of hexagonal ring
inorganic particles in solution.

with diﬀerent organic and biological materials. Subsequently,
we demonstrate assembly and attachment of the functionalized
colloids guided by their surface chemistry and geometry.

■

RESULTS AND DISCUSSION
Particle Requirements. To use anisotropic colloids in
ligand-speciﬁc self-assembly, we required particles, which can
be orthogonally functionalized with two organic or biological
molecules that can act as complementary binding partners. This
prerequisite can be achieved by introducing two inorganic thin
ﬁlms that can support diﬀerent types of organic self-assembled
monolayers (SAMs) on two opposite sides of the particle. To
facilitate particle handling and separation, we also needed a
layer of nonmagnetized ferromagnetic material to control
particle position with an external magnetic ﬁeld. The particle
structure that meets these requirements is shown in Figure 1. It
includes terminal gold and oxide layers that can support
thiolated and silanized organic SAMs. In addition, a thin layer
of nickel is positioned in between to provide induced magnetic
properties. The colloids bearing a ferromagnetic nickel layer
with zero net magnetization will be responsive toward the
external magnetic ﬁeld only, and will not be attracted toward
7324
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Figure 2. a) (top) Schematic representation of the fabrication of Au−Ni−TiO2 particles: i) patterning of Si wafer with negative resist and
photomask, followed by photolithography ii) electron-beam physical vapor deposition (PVD) of the metals iii) negative resist lift-oﬀ iv) oxidation of
Ti in O2 plasma, followed by sonication in ethanol to remove the particles from the wafer; (bottom) SEM images of the corresponding 8 μm
colloids, on the wafer and removed. b) (top) Schematic representation of the fabrication of Au−Ni−Ti-SiO2 particles: i) after repeating the ﬁrst two
steps from the previous scheme, the negative resist was lifted oﬀ ii) plasma-enhanced chemical vapor deposition (PECVD) of SiO2 iii)
photolithography with a positive resist iv) reactive ion etching (RIE) of SiO2, followed by resist lift-oﬀ v) sonication in ethanol to remove the
particles from the wafer; (bottom) SEM images of the corresponding 8 μm colloids, on the wafer and removed. c) (top) Schematic representation of
the fabrication of curved Au−Ni−Ti-SiO2 particles: (i) patterning of Si wafer with negative resist and photomask, followed by photolithography, (ii)
electron-beam physical vapor deposition (PVD) of the metals, (iii) negative resist lift-oﬀ, (iv) PECVD of SiO2, and (v) thermal annealing; (bottom)
SEM images of the corresponding 8 μm colloids, on the wafer and removed.

particles were produced on the silicon wafer by ﬁrst patterning
multilayered metallic structures with the gold−silicon contact
on the bottom and a titanium layer on the top, and then by
oxidizing the top metallic layer with the oxygen plasma (Figure
2a). This protocol does not require alignment and gives a
simple pathway toward gold-oxide (Au−Ni−Ti-TiO2) particles
with precisely controlled morphologies and compositions.
Figure 2b (middle) shows 8 μm particles comprising gold
(500 nm), nickel (75 nm), and titanium (75 nm) layers on the
supporting silicon wafer and on the gold chip. Because this
method does not deposit silicon oxide, it can be repeated on
the same wafer without complicated cleaning procedures. Using
this simpliﬁed approach, we have successfully manufactured
colloids of more complex shapes (Figure 1), with geometrical
features ranging in size from 2 to 20 μm.
The proposed methods are not limited to ﬂat disk-like
particles and can be adjusted to manufacture curved colloids.
The ability to control the curvature of microscopic multilayered

particles has a great potential for the inexpensive scalable
manufacturing of micromirror arrays. In our protocol, we used
the intrinsic surface-induced stress of particle layers, which
remains in some metallic thin ﬁlms after physical vapor
deposition, to control the curvature of the colloids. The
observed bending is caused by a mismatch in the thermal
coeﬃcients of expansion in the multilayered particles.58,59 Such
residual stress in the nickel ﬁlms depends on the thickness of
the ﬁlm and on the deposition rate. By increasing the thickness
of the nickel layer and by using a higher deposition rate, we
were able to produce bent particles comprising gold, nickel,
titanium, and silicon oxide layers. Figure 2c shows an array of
the particles on the wafer after the silicon oxide deposition.
These particles comprise gold (300 nm), nickel (100 nm),
titanium (100 nm), and silicon oxide (330 nm) layers. Because
of the induced curvature, the particles can be released from the
wafer right after the oxide deposition, and no additional
photolithographic patterning and etching of the oxide layer is
7325
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required. The SEM image of the released particles (Figure 2c,
bottom) clearly demonstrates the bent morphology and the
diﬀerence between the gold and silicon oxide sides. After
removal of the particles, the residual oxide layer on the
supporting wafer can be etched away and the wafer can be
reused.
Orthogonal Functionalization. The goal of this initial
study was to develop a manufacturing protocol for the
multicomponent shape-controlled colloids and to demonstrate
their orthogonal functionalization with diﬀerent types of
organic and biological molecules. Self-assembled monolayers
(SAMs) can be eﬀectively used to modify chemical and physical
properties of the surfaces supporting them. Oxide and gold can
both support well-ordered SAMs of organosilanes and thiols
respectively. To orthogonally modify prepared particles with
two diﬀerent SAMs on the opposite sides, the oxide side of the
particles was ﬁrst modiﬁed with a ﬂuorinated silane
(1H,1H,2H,2H-perﬂuorooctyltriethoxysilane) through a vapor
deposition before the particles were released from the substrate.
Subsequently, after removing the particles, their gold side was
reacted with the solution of mercaptoundecanoic acid (Figure
3). This functionalization protocol was successfully applied with
both gold−silicon oxide and gold−titanium oxide particles and
produced colloids with opposite hydrophilic and hydrophobic
sides. Considering a large variety of commercially and
synthetically available thiols and silanes, this strategy can be
applied to prepare particles bearing a variety of chemical
functional groups on each side. To conﬁrm that the oxide layers
on both types of particles can support equivalent SAMs, we
compared normalized C1s and F1s X-ray photoelectron
spectroscopy (XPS) signals from the wafers with and without
particles after they were modiﬁed with a ﬂuorinated silane.
Figure 3 shows that the ﬂuorine and carbon signals decreased
by approximately one-quarter, the area occupied by the
particles, after the particles were removed from the wafer,
which suggests that the deposited silicon oxide and the oxidized
titanium layer can both support SAMs similar to the wellstudied monolayers of silanes on a native silicon oxide.
To further demonstrate the successful orthogonal modiﬁcation of the colloids with dissimilar organics, the C6F13/COOHfunctionalized particles were immobilized on the gold surface,
half of which was modiﬁed with the amino-terminated SAM. In
this experiment, the particle solution was agitated with the gold
surface bearing bare and NH2-terminated regions. The gold
substrate was subsequently rinsed with ethanol and dried with
ﬁltered nitrogen to remove nonspeciﬁcally bound colloids.
Figure 3 demonstrates that the majority of the particles adhered
to the amino-terminated region of the gold chip. The particles
landed on their COOH-terminated side with additional
particles adhering to the C6F13-modiﬁed top side of the already
immobilized colloids (Figure 3b). This experiment not only
demonstrates successful orthogonal functionalization, but also
suggests controlled attachment of the colloids to the
complementary functionalities on the SAM-modiﬁed substrates.
DNA-Based Self-Assembly. The developed functionalization methods were employed in the guided self-assembly of
mesoscopic multicomponent colloids. Mesoscopic materials
(1−10 μm) have properties diﬀerent from macroscopic bulk
objects, which obey laws of classical mechanics, and from
nanomaterials, which primarily consist of surface atoms. The
assembly of nanomaterials (100 nm and less) is primarily
governed by the chemical functionalities existent on their
surfaces; whereas macroscopic bulk objects (100 μm and

Figure 3. (a) Functionalization protocol: after the particles were
fabricated on the wafer and before sonication, the exposed oxide side
was reacted with 1H,1H,2H,2H-perﬂuorooctyltriethoxysilane. The
particles were then removed from the wafer by sonication in ethanol
and collected. Next, the particles were dispersed into a solution
containing mercaptoundecanoic acid in ethanol and reacted. After 2 h,
the particles were collected, rinsed, and redispersed into a new ethanol
solution. The particle solution was agitated with a gold surface bearing
bare and NH2-terminated regions. The gold substrate was subsequently rinsed with ethanol and dried. (b) XPS analysis of the SiO2
and TiO2 immobilized SAMs. The similar ∼25% decrease in the
ﬂuorine and carbon signals (approximately the area occupied by the
particles) after the particles were removed from the wafer suggests that
the deposited silicon oxide and the oxidized titanium layer can both
support SAMs similar to the well-studied monolayers of silanes on a
native silicon oxide. Micrographs: Optical and SEM images showing
the selective attachment of the COOH-functionalized colloids to the
NH2-terminated SAM on the Au thin ﬁlm.

more), either organize via lateral capillary actions at liquid−
liquid or liquid−air interfaces or do not show any tendencies
toward the aggregation.60 In contrast, the ordered aggregation
of mesoscopic colloids is controlled by several equally
important interfacial phenomena, such as the geometry and
size of the interfacial areas, their roughness, and their chemical
properties. Here, we propose a method for studying selfassembly at the mesoscale using our anisotropic inorganic
colloids. In this proof-of-concept study, anisotropy in chemical
7326
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Figure 4. (a) Functionalization protocol: After preparation of Au−Ni−TiO2 particles on the wafer (1), and before their removal, they were exposed
to a solution of 3-aminopropyl)triethoxysilane (2). Next, the terminal −NH2 group was reacted with bis-NHS ester linker (3), and with the single
stranded (ss) DNA1 molecule bearing an NH2 group at the 5′ end (4). Following sonication in ethanol to remove the particles from the wafer (5),
they were exposed to a solution of ss-DNA2 containing a mercapto group at the 3′ end; this yielded colloids functionalized with two diﬀerent
noncomplementary ss-DNA molecules on two opposite sides (6). XPS analysis of the TiO2 immobilized molecules: (2) C 1s peak shows the
presence of carbon atoms on the oxide surface of the immobilized particles after reacting with 3-aminopropyl)triethoxysilane; absence of a P 2p peak
conﬁrms that there are no phosphorus atoms present on the oxide surface (4) after the reaction with ss-DNA1, the P 2p peak conﬁrms successful
attachment of the ss-DNA to the surface of the particles (b) Scheme showing DNA-assisted self-assembly of anisotropic colloids; optical micrographs
showing the chain-like aggregates formed from the DNA-functionalized particles in solution. The particle-chains change orientation in the presence
of an external magentic ﬁeld. Vector B indicates the direction of the external magnetic ﬁeld. A control is shown of particles in free buﬀer solution (no
solution DNA), in the presense of the external magentic ﬁeld.

alized with two diﬀerent noncomplementary single-stranded
DNA molecules on two opposite sides. These particles did not
show any tendency toward aggregation. The presence of the
external magnetic ﬁeld did not cause aggregation either (Figure
4b control). Following the DNA functionalization, the colloids
were incubated at room temperature for 1 h in a 2.5 μM Tris
buﬀer (10 mM, pH8) solution containing the complementary
ss-DNA1′-DNA2′ (solution DNA). The presence of the
solution DNA allowed for a 14 and 20 base pair hybridizations
between ss-DNA1 and ss-DNA1′ and ss-DNA2 and ss-DNA2′
fragments. After exposure to the DNA1′−DNA2′ solution and
mild agitation, the particles were observed to form long ordered
chain-like structures, which stayed intact even after dispersion
in the DNA-free buﬀer solution (Figure 4b). The alignment of
microparticles in the chains was not perfect, presumably
because of their large surface area.
The aggregate chain-like macrostructures were predetermined by the particle morphology, due to their disk-like
architecture; whereas the ordered aggregation transpired from
the side-speciﬁc orthogonal functionalization with DNA
molecules. Remarkably, no ordered aggregates were formed
by the functionalized particles before the addition of the
DNA1′−DNA2′ solution (Figure 4b, control). The self-

properties and shape was used to assemble meso-objects into
ordered complex structures. Complementary binding of
oligonucleotides provides a simple, yet highly eﬃcient and
speciﬁc pathway toward guided self-assembly of nano- and
microcolloids.61 We utilized this approach to interconnect disklike particles using single-stranded DNA molecules anisotropically distributed on particle sides. We demonstrated that goldoxide Au−Ni−Ti−TiO2 microparticles, functionalized with two
diﬀerent single-stranded DNAs on the two opposite sides, can
assemble into long ordered chains when exposed to a solution
of a third DNA, which has complementary sequences to both of
the particle-bound DNAs.
DNA-functionalized particles were prepared by modifying
their oxide side with (3-aminopropyl)triethoxysilane and by
reacting the resulting amino-terminated side with the bis-Nhydroxysuccinimide (NHS) ester linker, and with the single
stranded (ss) DNA1 molecule bearing an NH2 group at the 5′end (Figure 4a). The XPS analysis revealed the presence of the
phosphorus atoms, conﬁrming the successful DNA immobilization. Following the oxide functionalization, the particles were
removed from the wafer by sonication and their gold side was
reacted with a solution of ss-DNA2 containing a mercapto
group at the 3′-end. These reactions yielded colloids function7327
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pressure. The gold−titanium oxide particles were released from the
substrate by sonication in ethanol at room temp for approximately
10−15 min.
Bent Gold−Silicon Oxide Janus Particles. A pattern of
photoresist was created via the previously described technique. Layers
of gold (300 nm, 10 Å/s), nickel (100 nm, 2 Å/s), and titanium (100
nm, 5 Å/s) were evaporated on the patterned wafer. Following the liftoﬀ and cleaning procedure, a silicon oxide layer (330 nm) was
deposited on the substrate via PECVD at 250 °C. Because of the
induced bend in the resulting Au−Ni−Ti-SiO2 structures, we were
able to release them by sonication in ethanol without etching the
surrounding silicon oxide layer.
Orthogonal Functionalization of the Gold−Oxide Particles
(General Procedure). The gold−oxide Au−Ni−Ti−TiO2 particles
supported on the silicon wafer were exposed to vapors of
1H,1H,2H,2H-perﬂuorooctyltriethoxysilane at room temp for 2 h
under argon. The substrate was then left to cure at room temp for 2
days under argon. The particles were released from the wafer by
sonication, and were ﬁltered on the 0.45 μm nylon membrane ﬁlter
(Whatman), where they were washed several times with water,
ethanol, acetone, and hexane. The particles were transferred from the
ﬁlter to a 20 mL vial, and their gold side was reacted with 1 mM
ethanol solution of mercaptoundecanoic acid for 2 h at room temp.
Subsequently, they were collected and held on the bottom of the vial
with a magnet, while they were washed several times with ethanol.
Orthogonal Functionalization of Gold−Oxide Particles with
DNA and Self-Assembly. A silicon chip containing gold−titanium
oxide particles (8 μm hexagons) was functionalized with 3-aminopropyl triethoxysilane using vapor-phase deposition.61 The substrate
was rinsed with dichloromethane and EtOH and reacted for 2 h 30
min with a 2 mM solution of a Bis-dPEG2-NHS ester in anhydrous
dichloromethane. The NHS-functionalized particles were reacted
overnight with 25 μM solution of aminated ssDNA1 (sequence 3′AGGGTACCTGAGCA-TAAAAAAA/5AmMC6/-5′) in a pH 8 10
mM Tris buﬀer. The DNA-functionalized particles were released from
the wafer by sonication in Tris buﬀer, and were subsequently collected
and concentrated using a magnet. Subsequently, the particles were
transferred into an Eppendorf tube and reacted overnight with a 25
μM solution of thiolated ssDNA2 (sequence 3′-/3diThioMC3-D/
AAAAAAATACGAGTCCATGGGATCTGAAAAAA-5′) and 4.4 mg
of dithiothreitol in a pH 8 10 mM Tris buﬀer. The particles were
collected with the magnet, rinsed with Tris buﬀer (10 mM, pH 8),
redispersed in 10 mL of Tris buﬀer (10 mM, pH 8), and mixed with 1
mL of the 25 μM solution of the complementary ssDNA1′−DNA2′
(sequence 5′-ATGCTCAGGTACCCTAGACTAAA AAAAATCCCATGGACTCGT-3′). The particles were then incubated in this
solution at room temperature for 1 h while mechanically agitated. The
incubation resulted in the formation of chain-like aggregates, which
were concentrated with the magnet and were redispersed in a DNAfree Tris buﬀer (10 mM, pH 8).

assembled chains were mechanically stable and aligned
themselves along the direction of an external magnetic ﬁeld
because of the presence of a ferromagnetic Ni layer in each
particle (Figure 4b, optical micrographs). Such facile
manipulation of the aggregates ensures their selective position
and uniform orientation in such functional self-assembled
devices as colloidal chain-based responsive photonic crystals
and self-assembled organic and biomolecular sensors.62−67
In this study, we demonstrated that shape-controlled
particles, comprising metallic and semiconductor layers on
the opposite sides, can be produced by a combination of simple
photolithographic and etching techniques. The proposed
pathway permits precise control over the particle composition,
and, in our future work, will be used used to prepare particles
with anisotropic magnetic and/or light reﬂecting properties. At
the same time, the size and the shape of the particles are
controlled by the deposition conditions and by the photolithographic pattern (Figure 1). The opposite sides of the particles
can be orthogonally functionalized with organic, polymeric, and
biological molecules using established surface-grafting protocols
to achieve desired physical/chemical properties, while the shape
and size of the particles, as well as the composition of the inner
core, can all be easily controlled.

■

MATERIALS AND METHODS

All reagents and solvents were purchased from Sigma-Aldrich and were
used as supplied. DNA molecules were ordered from IDT. XPS spectra
were recorded on the Kratos Axis Ultra XPS spectrometer equipped
with a mono-Al X-ray source. SEM images were recorded on the FEI
XL30 SEM-FEG and Zeiss-Auriga microscopes detecting secondary
electrons. Optical images were recorded on Zeiss AxioImager
microscope and Zeiss Stemi 2000 stereo microscope.
Gold−Silicon Oxide Janus Particles. A silicon wafer was
oxidized in oxygen plasma (5 min, 100 W and 6 × 10−1 mbar O2
pressure), treated with Nanostrip solution (Cyantek co.) for 10 min at
75 °C, washed with DI water, and blow dried with nitrogen. Futurex
NR9-1500PY negative photoresist was spun on the wafer at 4000 rpm
for 40 s. The resulting substrate was patterned using photolithography
and developed in RD6 developer (Futurex) for 11 s. The wafer was
treated with oxygen plasma for 45 s to remove undeveloped resist.
Layers of gold (500 nm, 5 Å/s), nickel (75 nm, 0.8 Å/s), and titanium
(75 nm, 2 Å/s) were evaporated on the patterned wafer in an electronbeam metal evaporator. Subsequently, the negative photoresist was
lifted oﬀ in RR4 resist remover (Futurex) at 55 °C. The substrate was
brieﬂy (10 s) immersed in acetone (55 °C), isopropanol (55 °C), and
water (55 °C), and was oven-dried at 115 °C for 5 min. A silicon oxide
layer (150 nm) was deposited on the substrate in a plasma enhanced
chemical vapor deposition system (PECVD) at 250 °C. Subsequently,
the substrate was subjected to the photolithographic alignment and
patterning with Shipley 1813 positive photoresist. The exposed
substrate was developed in MF319 developer for 35 s, rinsed with
water, blow dried with nitrogen, and oven-dried. The exposed silicon
oxide layer between the metal-oxide structures was dry etched using
the reactive ion etching system (see Supporting Information (SI) for
complete details). The remaining photoresist was removed from the
top of the metal-oxide structures in warm acetone (55 °C, 5 min) and
in Nanostrip solution (room temp, 20 s). The resulting wafer bearing
metal-oxide structures was dipped in DI water and in isopropanol, and
was oven-dried at 110 °C for 2 min. The Au−Ni−Ti−SiO2 particles
were released from the substrate by sonication in ethanol at room
temperature for ∼10−15 min.
Gold−Titanium Oxide Janus Particles. A pattern of photoresist
was created via the previously described technique. Layers of gold (500
nm, 5 Å/s), nickel (75 nm, 0.8 Å/s), and titanium (75 nm, 2 Å/s)
were evaporated on the patterned wafer. After the lift-oﬀ of the
photoresist, the titanium layer on the metallic structures was oxidized
with oxygen plasma for 10 min at 100 W and 6 × 10−1 mbar O2
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