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MONOLAYER OF NANORODS ON A SUBSTRATE AND
METHOD OF FORMING THE SAME

Cross-Reference To Related Application
[0001] This applicat’ion claims the benefit of priority of US proVisfonal application
No. 61/773,617,. filed 06 March 2013, the content of it being hereby incorporated by

reference in its entirety for all purposes.

Technical Field

[0002] Various embodiments relate to a monolayer of nanorods on a substrate and a
method of forming the same. Various embodiments further relate to an optical

arrangement and use of the optical arrangement.

Background

[0003] Food and drink safety is one of the most ufgent needs in our daily life, and
recently, food and drink safety has attracted great public attention, especially since the
occurrence of Escherchia coli O157:H7 in beef, the occurrence of the dioxin egg scandal
and recent scandals of melamine in infant formula and plasticizers in food and drinks.
[0004] Phthalate is known és an endocrine disrupter which produces reproductive and
developmentalh toxicity, which may cause ‘miscarriage, fewer motile sperm and external
sex organs malformation of infant. Me-lamine,‘ known as-a triazine heterocyclic qrganic -
chemical méteﬁal, ca_ﬁ block and damage renal cells, resﬁlting» in kidney ma'lfunctioh, and v
even death in infants. Such foodbome hazards come either from environmeﬁtal hazards,
e.g. contamination of phthalate plasticizers from pf(_)cessing equipment such as piping or
container, or from: illegal addition driven by economic benefit, e.g. melamine in infant

formula and plasticizer contaminations in food and drinks in recent times. Public .

attention to food scandals raises an urgent need for detecting food,contaminan"tsv and has
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imposed a pressing demand fof rapid, inexpensive but effective and reliable methods to

detect the food contaminations.

[0005] However, the current available techniques or prevailing detections are prinjarily

based on liquid chromatography (e;g. high performance ‘liquid chromatography (HPLC)),

. mass spectroscopy (MS) or colorimetric methods, which are restricted by sophisticated

and time—consumihg steps, inadequate detection limits and sample preparation which may

include complicated sample pretreatment steps such as extraction, preconcentration, and

derivatization. )

[0006] Surface enhanced Raman scatteririg (SERS) spectroscopy may also be used for
detéction purposes. SERS spectroscopy is an extremely sensitive aﬁalytical technology
used to detect and identify molecules, and is capable of providing highly resolved
specific vibrational molecular information; and requires little sample preparation. The
essential idea towards high sensitivity SERS detection is the enginéering of noble metal
containing substrates for achieving a highly localized electromagnetic field, which leads
to a very strong electromagnetic enhancement. It has been shown that an enhancement
factor (EF) value between 1 x 10° and 1.x 10® is adequate to achieve single molecule

detection. In the past decades, many developments have been achieved on SERS-active

‘nanostructures, such as gold (Au) and silver (Ag) nanoparticles, nanoshell, and colloidal

metal nanoparticles arrays. However, many SERS-active substrates suffer from poor
réproducibility of “hot spots”, which refer to regions of enhanced electric field. It is thus
a major challenge to reproducibly prepare stable SERS substrates with uniform "hot-
spots" and controllably push the interior gap betwéén nanostructures to sub-nm regimé. |
[0007] There is therefore ﬂéed for a detection strategy that exhibits high sensitivity and
specificity, requires 2 minimal sample preparaﬁbn with rapid detection and low-cost. |

©

Summary

[0008] In a first aspect of the invention, a method of fonniﬁg a monolayer of nanorods on
a substrate is provided, wherein the nanorods are at least substanﬁally_vertically aligned.
The method may include providing a droplet of a solution comprising said nanorods on a

substrate, and controlling the temperature and the evaporation of the solution such that
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the internal region of the droplet is kept at near equilibrium status to allow formation of:
the moholayér of nanorods. |

[0009] In a second aspect of the invention, a monolayer of nanorods on a substrate is
provided. The monolayer of nanorods on the substrate may be obtained according to the
method as described above. | .,

[0010] In a third aspect of the invention, an optical arrangement is providedfThe optical
arrangement may include a substrate, and a monolayer of nanorods on the. substrate,

wherein the nanorods are at least substantially vertically aligned, and wherein an edge-to-

~ edge spacing between adjacent nanorods is equal to or less than about 15 nm.

[0011] In a fourth aspect of the invention, use of the optical arrangement as described
above for detection of at least one of an organic compound, a virus, a protein or a nucleic
acid is provided. .

[0012] In a fifth aspect of the inventibn, use of the optical arrangement as described

above in a Raman spectroscopy device is provided.

Brief Description of the Drawings

[0013] In the drawings, like reference characters generally refer to .like parts throughout
the different views. The draWings are not necessarily to scale, emphasis instead generally
being placed upon illustratiﬁg ‘the principles of the invention. In the following
description, various embodiments of the invention are described with .r_eferen.ce to the
following drawings, in which: | |

[0014] FIGS. 1A and 1B show local electric field simulation results for a hexagonal

vertical gold (Au) nanorod array with an edge-to-edge spacing, 4, of about 7.7 nm.

' [0015]) FIGS.. 1C and lD show local electric field simulation res’ﬁltsrfor a héxagonal_

vertical gold (Au) nanorod érray with an edge-to-edge spacing, 4, of about 0.8 nm.

[0016] FIG. 1E shows a piot of the volume méximum and the volume average electric
field enhancement factors, |E/Eo|*, as a function of the edge-to-edge spécing, h, between
two _adj acent Au nanorods. v - _ |

[0017] FIG. 2A shows varioﬁs processing stages of a method of fdming a _fnonolayer of

nanorods on a substrate, according to various embodiments.
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[0018] FIG. 2B shows a-schematic diagram of a self-assembly process of nanorods ona  *
substrate, according to various embodiments. v |
[0019] FIG. 2C shows a flow chart illustrating a method of forming a monolayer of
nanorods on a si1bstrate wherein the nanorods are at least substantially vertically aligned,
accordmg to various embodlments | '
[0020] FIG. 2D shows a schemat1c top view and a schematic cross- sect10na1 view of an
optical arrangement, according to various embodiments. -

[0021] FIG. 3A shows a plot-of an absorptton spectrum of a gold (Au) nanorod aqueous

solution.

[0022] FIG. -3B shows a scanning electron microscopy (SEM) image of gold (Au)

nanorods.

[0023]>FIG. 3C shows a'tran_smiesion electron microscopy (SEM) image of gold (Au)
nanorods. v

[0024] FIG. 4A shows a scanning electron microscopy (SEM) image illustrating a top
view .of an arfay of gold (Au) nanorods with an edge-to-edge spacing of about 7.7 +
0.4 nm. .

[0025] FIG. 4B shows a plet of measured edge-to-edge separation as a function of the
Debye length | | ' '

[0026] FIG. 4C shows a scanning electron mlcroscopy (SEM) image of an array of
gold (Au) nanorods before UV ozone treatment, while FIG. 4D shows a scanning electron
microscopy (SEM) image of the array of gold (Au) nanoers of FIG. 4C after UV ozone
treatment. |

[0027] FIG. 4E shows a plot of distribution of the edge- to edge spacing of gold (Au)
nanorods after an ultraviolet (UV) ozone treatment.

[0028] FIG. 5A shows a plot of cathodoluminescence (CL) spectra of a vertically ahgned
gold (Au) nanorod monolayer before and after treatment by UV ozone.

[0029] FIG. 5B shows a plot of normalised cathodolummescence (CL) spectra based on
the cathodolummescence (CL) spectra of FIG. 5A.

- . [0030] FIG. 6A shows a scanning electron microscopy (SEM) 1mage of an array of

vertical gold (Au) nanorods on a gallium n1tr1de (GaN) light emlttmg diode (LED)

device.-
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[0031] FIG. 6B shows a scanmng electron microscopy (SEM) image of an array of
vertical gold (Au) nanorods on an indium tin oxide (ITO)-coated glass. ' .
[0032] FIG. 6C shows a scanning electron mlcroscopy (SEM) 1mage of an array of
vertical gold (Au) nanorods on a glass.

[0033] FIG. 6D shows a scanning electron microsco_py (SEM) image of an array of
vertical gold (Au) nanorods on a flexible pbly(ethyl'eﬁe naphthalate) (PEN) polymer film.
[0034] FIG. 6E shows a photograph of respective arrangements of arrays of vertical Au
nanorods on a gallium nitridé (GaN) Iight.emitting diode (LED) device and a flexible
poly(ethylene naphthalate) (PEN) film. | |

[0035] FIGS. 7A to 7C show a schematic representation of the evolution of vertical
gold (Au) nanorod self-assembly arrays in different stages of the process.

[0036] FIG. 8 shows a scanning electron microscopy (SEM) image of ‘a monolayer
gold (Au) nanorod array lying down on a substrate horizontally.

[0037] FIG. 9A shows a plot of interaction free energy as a function of separation
between two gold (Au) nanorods when the Debye length, x° ! is about 3 nm. ‘
[0038] FIG. _9B shows a plot of total interaction energy, Er,., as a function of separation
between two parallel gold (Au) nanorods for different Debye lengths.

[0039] FIG. 10A shows a plot.of surface enhanced Raman scattering (SERS) spectra of
Benzylbutylphthalate (BBP) on a vertically-aligned monolayer gold (Au) nanorod array.
[0040] FIG. 10B shows a plot of surface enhanced Raman scattering (SERS) spectra of
plasticizers and melamine, at a concentratibn of about 1fM, on a vertically-aligned
monolayer gold (Au) nanorod array. | .

[0041]‘FIG. 10C ‘shows a plot of surface enhanced Raman scattering (SERS) spectra for
detection of Benzylbutylphthalate (BBP) and Bis(2-ethylhexyl)phthalate (DEHP) at a
femtomélér level (IM) in orange juices on a"Avcrtically-aligned‘ mdnolayér- gold (Au)-

nanorod array.

Detailed Description

- [0042] The following detailed - description refe.rs to the accompanying drawings that

show, by way of illustration, specific details and embodiments in which the invention
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may be practiced. These embodiments are described in sufficient detail to enable those
skilled. in the art to practice the invention. Other embodiments may be utilized and
structural, logical, and electrical changes may be made without departin‘g from the scope
of the invention. The various embodiments' are notfnecessarﬂy mutﬁally exclusive, as
some embodiments can be combined with one or more other embodiments to form new
embodiments. |
[0043] Embodiments described in the context of one of the methods or devices are
analogously valid for the other methods or devices. Similarly, embodiments described in
the context of a method are an_albogously valid for a device, and vice versa.

[0044] Features that are described in the context of an embodiment may correspondingly
be applicable to the same or similar features in the other embodiments. Features that are
described in the context ef an embodiment may correspondingly be applicable to the
other embodiments, even if not explicitly described in these other embodiments.
Furthermore, additions and/or combinations and/or alternatives as described for a feature
in the context of an embodiment may correspondingly be applicable to the same or
similar feature in the other embodiments.

‘C 2 (13

[0045) In the context of various embodiments, the articles an” and “the” as used
with regard to a feature or element include a reference to one or more of the features or
elements. ' - | :
[0046] In the context Of various embodiments, the phrase “at least substantially” may
include “exactly” and a reasonable variance. | | ‘

[0047} In the context of various embodinieﬁts, the term “about” or “approximately” as
applied to a numeric value encompasses the exact value and a reasonable variance.

[0048] As used herein, the term “‘and/or” includes any and all combinations of one or

~ more of the a55001ated listed items.

[0049] As used hereln the phrase of the fonn of “at least'one of A or B” may mclude A
or B or both A and B. Correspondingly, the phrase of the form of “at least one of A or B
or C”, or including further listed items, may include any and all combinations of one or
more of the associated listed items. » |

{0050] Various embodiments may provide'a vertically-aligned monolayer of gold (Au)

nanorods on arbitrary ‘substrates.” The vertically-aligned monolayer of Au nanorods
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formed using methods of Varidus embodiments on a substrate may be-used, for example,
for femtomolar detection of organic compounds such as phthalate plasticizers.

[0051] Varlous embodiments may provide a method of forming or assemblmg nanorods
(e.g. gold (Au) nanorods) on a substrate, and an optical arrangement formed by the
method. The nanorods may be at least substantially vertically aligned relative to a surface
of the substrate from which the nanorods extend. The method may include a self-
assembly process of the nanorods on the substrate The self-assembly may occur in an
internal region of a droplct contammg the nanorods provided onto the substrate, where a
near—equlhbnum status may be formed within the internal region of the droplet. The van
der Waals and depletion attractive forces may push the nanorods to approach each other,
while the electrostatic repulsive forces may urge the nanorods to move away from each
other. Therefore, the synergy between the repulsive force and the attractive force may
ensure alignment of the nanorods at the equilibrium status, rather than random
aggregation of the nanorods. The equilibrium status may be maintained by controlling the
evaporation of the solution contained in the droplet. The temperature of the solution may
be controlled to control the evaporation of the solution. Further, the humidity of the
environment the solution is exposed to may be controlled to control the evaporation of
the solution. In a non-limiting example, this may be done by keeping respective samples
of the substrates with the droplets in an enclosure (e.g. a Petri dish) with a cover at a
temperature of about 21°C and a humidity of > 60%. These factors, including the cover,
the temperature and the humidity may be taken into consideratiort so as to allow
formation of a monolayer array of vertically aligned nanorods on the substrate. The

evaporation rate of the solvent of the droplet and the Brownian motion of the nanorods

“should be sufficiently slow, so as to ensure that the near—equlllbrlum status at the internal

region of -the droplet may be kept for a long time and- there is enough time for the
nanorods to self-assemble in a side-by-side model.

[0052] In various embodiments, a monolayer of vertically aligned gold (Au) nanorods
may be formed on the substrate. The Au nanorods may be coated with a surfactant, for

example hexadecyltnmethylammonlum bromide (CTAB). For CTAB- coated Au

: nanoro_ds, the - electrostatic interactions may be decreased by removing the .CTAB

_moleculés on the surface of the Au nanorods, where a shr_inkage of the edge-to-edge
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spacing or edge—to-edge se;;arafion between adjacent Au nanorods to a sub-nm regime,
for example approximately 0.8 nm, may.’be achieved. The sub-nm edge-to-edge gap
disfance has a non-trivial consequence, as the local electromagnetic field enhancement
may be enhanced considerably, leading to exceptionally strong surface enhanced Raman
scattering (SERS) signals, for example, of_ plasticizers down to femtomolar (fM) in
commercial orange juice samples.'.

[0053] Various embodiments may pfo{/idc a facile strategy to assemble a vertically-

aligned monolayer of Au nanorods, in which the assembled Au nanorods may be used for

_ applications in rapid detection of plasticizers and melamine contamination at, for

example, a femtomolar level By surface-enhanced Raman scattering (SERS)

spectroscopy. The SERS signals of plasticizers may be sensitive down to approximately

© 0.9 fM concentrations in samples of orange juices. This may be the lowest detection limit

to date, Which is about 7 orders of magnitude lower than the standard applicable to the
United States (which is ~ 6 ppb). The highly organized vertical arrays of Au nanorods
may generate reproducible “SERS-active sites”, and may be achieved on arbitrary
substrates, including but not limited to silicon (Si), gallium nitride (GaN), glass and
flexible poly(ethylene naphthalate) (PEN) substrates. '

[0054] A vertical 'monolayer geometry of Au nanorods Imay exhibit highly uniform hot
spots, which are regions of enhanced electric field. The anisotropic shape of Au nanorods
may provide the array of vertical Au nanorods with a strong nanoantenna effect. Finite-
difference time-domain -method (FDTD) simulation shows that a monolayer of
hexagonally—packed Au nanorod a'rray may exhibit strong and uniform local

electromagnetic fields.

[0055] FIGS. 1A and 1B show local electric field- simulatiqn resullts for a vertical

gold (Au) nanorod array in a hexagonally packed édnﬁguration’with -an ’edge-to‘-edge—
spacing (or gap distance), &, of about 7.7 nm, illustrating results for local electric field

enhancement factor. FIG. 1A shows a local electromagnetic field enhancement contour

_plot 100 for a cross-sectional region of the array of Au nanorods 110 along a vertical

plane (x-z plane) while FIG. 1B shows a local electromagnetic ﬁe_ld enhancement contour
plot 101 for a cross-sectional region of the arraylof Au nahorqu 110 along a horizontal

plane (x-y plane) (or a top-view plane along the y-axis), when an incident plane wave in
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| represented by 102 shows the polarization of a 785 nm laser incident on the Au

nanorods 110.

| [0056] FIGS. 1C and 1D show local electric field simulation results for a vertical

gold (Au) nanorod érray in a hexagonally packed configuration with an edge-to-edge
spacing (or separation), /s, of about 0.8 nm, illustrating results for local electric field
enhancement factor. FIG. 1C shows a local electromagnetic field enhanéement contour
plot 105 for a cross-sectional region of thé array of Au nanorods 110 along a vertical
plane (x—z plane) while FIG. 1D showé a local electromagnetic field enhancement contour
plot 106 for a cross-sectional region of the array of Au nanbrods 110 along a horizontal
plane (x-y plane) (or a top-view plane along the y-axis), when an incident plane wave in
transverse electric (TE_) polarization is provided. The arrow indicated with "TE" and
represented by 102 shows: the polarization of a 785 nm laser incident on the Au
nanorods 110. |

[0057] For all the contour plots 100, 101; 105, 106, the value of the electric field
enhancement factor associated with the Au nanorods 110 is towards the lower end 104a
of the scale 103 while the electric field enhancement factor in the edge-to-edge spacing
regions or gaps (with distance, #) between the Au nanorods 110 has a value towards the
upper end 104b of the scale 103.

[0058] The local electric field enhancément factor may be defined as |E/Eo|*, where |E]|
and |Eo| are magnitudes of the local electric field, .and the incident electric field,
respectively. The electric fields may be spatially confined into the gap between adjacent
Auﬂ nandrods 110 to provide a homogeneous and strong near-field localization in three-
dimensional (3D) spatial structures. FIG. 1E shows a plot 107 of the Volume.m'aximum
(represented as 108) and the volume average. (represented ‘és' 109) electric field
enhahcement factors; |E/Eq|*, as a function of the edge-to-edge spacing (or gap distance),
h, between two adjacent Au nanorods 110. As may be observed, the maximum |E/Eo|4 is

around —2.6'><106, 1.8 x10% and 7.4x10° when the gap siz'e, h, is about 0.5, 0.8 nm and

1.0 nm, respectively.

[0059] Further, both the maximum and the average \E/Eo|* decrease with an increase in

* the separation distance, A, which may indicate that a decrease in the gap size, A, may
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- improve the enhancement. factor (EF) and the sensitivity of SERS. In addition, the gaps

between the nanorod “forest” or array may traf) liquid samples due to capillary force,
which is another advantage of the vertical Au nanorod arrays for SERS. Therefore, highly-
organized arrays' of vertical Au nanorods or a vertical monolayer of Au nanorods may act

as extended nanoantennae to generate a strong, reproducible and highly homogeneous

~ distribution of electric fields, which may provide facile and reproducible SERS substrates

that may be an improvement over prior art nanoparticle substrates.

[0060] FIG. 2A shows various processing stages of a method 230 of forming a

‘monolayer of nanorods on a substrate (e.g. silicon substrate) 202, according to various

embodiments. FIG. 2B shows a schematic diagram 240 of a self-assembly process of
nanorods 209 ~on a substrate (e.g. silicon substrate) 202, according to various
embodiments, for illustrating an equilibrium or near equilibrium status of nanorods 209 in
an internal regidn of a droplet 214. Using gold (Au) nanorods as a non-limiting example,
a dispenser (e.g./a pipette) 232 contaihing a gold (Au) nanorod dispersion 234 may be
provided. As an example, the Au nanorod dispersion 234 may include Au nanorods
dispersed in an aqueous solution (e.g. sodium chloride (NaCl) aqueous solution)..The

dispenser 232 may dispense a liquid drop 236 of the Au nanorod dispersion 234 onto a

- substrate 202 .to form a droplet 214 on the substrate 202. Therefore, the droplet 214

contains a dispersion of gold (Au) nanorods 209. in an aqueous solution (e.g. sodium

chloride (NaCl) aqueous solution) 212. Water in the aqueous solution 212 may evaporate,

- causing a decrease in the size of the droplet 214, for example as shown in FIG. 2B, from

the size outlined by the solid line to the size outlined by the dashed line. At the same

time, free Au nanorods 209 may assemble to form monolayer arrays 210a, which may

then precipitate to stand up on the substrate 202 due to gravity and van der Waal’s

1nteract10ns to the host substrate 202. During the self-assembly process in the 1ntema1
region of a droplet 214, the van der 'Waals and depletion attractive forces (A) may push
the nanorods 209 to approach each other, whlle the electrostatic repulswe forces (R) may
urge the nanorods 209.to move away from each other. The synergy between the repulsive
force (R) and the attractive force (A) may ensure alignment of _the nanorods 209 to allow

formation of a monolayer of nanorods 210a at the equilibrium status. The water

~ evaporation rate may be controlled so as to ensure that the internal region of the droplet

10
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» 214 may be kept at near equlhbrlum status to allow formation of a monolayer of nanorods

210a on the substrate 202. In FIG. 2B, the notation “h(r t)” refers to the height of the

13 9’ “t” (IR

droplet 214 at location “r” and time “t”, where “r” is the distance from the droplet center
to location “r’ , while the notation “v(r,t)” refers to the liquid moving velocity from
locatlon “r” to the droplet edge.

[0061] FIG 2C shows a ﬂow chart 220 1llustrat1ng a method of forming a monolayer (or
a single layer) of nanorods on a substrate, wherem the nanorods are at least substantially
vertically aligned, according to various embodiments.

[0062] At 222, a droplet of a solution including said nanorods is provided on a substrate.
In various embodiments, the solution may be an aqueous solution. The solvent in the
solution may be water.

[0063]VAt 224, the temperature and the evaporation of the solution are controlled such
that the internal region of the droplet is kept at near equilibrium status to-allow formation
of the monolayer of nanorods.

[0064] In the context of various embodiments, the nanorods being at least substantially
vertically aligned may mean that the nanorods may be arranged at least substantially
perpendicular relative to the substrate surface and arranged parallel to each other. In other
words, this may mean that the nanorods may be formed ‘on the substrate at least .
éubstantially perpendicular to the surface of the substrate from which the nanorods
extend. | |

[0065] In vatious embodiments, controlling the temperature and the evaporation of the

solution may allow the evaporation rate of the solvent of the solution and the Brownian

motion of the nanorods to be sufficiently slow, so as to maintain a near equilibrium status

.at the internal region of the droplet for a sufﬁeiently leng time, such that there may be

enou‘gh time for the nanorods to self-assemble in a side-by-side 'éifréngement-en the

substrate. In this way, the method may provide an evaporation-induced- self—assembly

-approach to form a monolayer of Vemcally aligned nanorods on the substrate.

-[0066] In various embodiments, at 224, the solution may be exposed to a temperature of

between about 5°C and about 25°C, for example between about 5°C and about 21°C,

between about 5°C and about 15°C, between about 10°C and about 25°C, between about

11
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15°C and about 25°C, or between about 20°C and about 25°C. For example, the solution
may be exposed to a temperature of about 21°C.

[0067] In various embodiments, the method may further include controlling the humidity
of the environment the solution is exposed to. Thin may mean that the humidity of the
environment may be controlled to control the evaporation of the solution. In various
embodiments, the solution- rnay be exposed to a. humidity of about 60% or more
(i.e. 2.60%), for exarnple > 70%, or between about 60% and about 80%, between about
60% and about 70%, e.g. about 61%. _

[0068] In various embodiments, the temperature and the evaporation of the solution may'
be controlled by placing the substrate with the droplet in an enclosure. For example, the

interior of the enclosure may be subjected to a temperature of between about 5°C and

about 25°C, e.g. 21°C. Further, the humidity of the environment in the enclosure may

also be controlled. For example, the interior of the enclosure may be subjected to a
humidity of about 60% or more. The substrate with the droplet may be placed in the
enclosure for a duration of about 12 hours or more (i.e. 2 12 hours), for example
> 14 hours, > 16 hours, or> 18 hours, e.g. for about 12 hours. In the context of various
embodiments, the enclosure may be a p.etn' dish having a cover or lid to form an enclosed
space within which the substrate may be placed.

[0069] The method may further include forming the nanorods, preparing an electrolyte
solution, and mixing the nanorods and the electrolyte solution to form the solution that is
provided on the substrate. In various embodiments, the electrolyte solution may ‘include a
monovalent compound, for example sodium chloride (NaCl), potassium chloride (KCI),
potassium bromide (KBr), or sodium bromide (NaBr). The electrolyte solution mny have
a concentration that may be equal to or less than about 0.03.M (i.e. < 0.03 M),
¢.8-<0.02 M, <0.01 M, or about 0.01 M. i "
[0070] In” various embodiments, the-nanorods may be fonned by preparing a seed
solution including a precursor material for the nanorods, preparing a growth solntion
including the precursor material, and mixing the seed solution and the growth solution;
[007 1] In Varit)ns embodiments, each nanorod may b§: free of a surfactant.

[0072] In varioué embodiments, each nanorod may include a surfactant coated on a

surface of the nanorod. The surfactant may include \hexadecyltrim‘ethylamrnonium

12
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bromide (CTAB), or hexadecyltrimethylammonium chloride (CTAC). In various
embodiments, the method may further include removing the surfactant, for-exaniple by
carrying out an ultraviolet (UV) ozone treatment on the surfactant-coated nanorods. As a
result of the UV ozone treatment, the surfactant may be at least substantially completely
removed. | _

[0073] In various embodiments, the nanorods may be formed spaced apart from each
other. An edge-to-edge spacing (or separation or gap distance), /s, between adjacent
nanorods may be equal'to or less than about 15 nm (i.e. < 15 nm). In the context of

b (13

various embodiments, the terms * ‘edge-to-edge spacing”, “edge-to-edge separation” and
“edge-to-edge gap distance” are defined as the spacing or gap distance, A, at the shortest
or closest separation between adjacent nanorods

[0074] While the method described above is illustrated and descnbed as a series of steps
or events, it will be appreciated that any ordering of such steps or events are not to be
interpreted in a limiting sense: For example, some steps may occur in different orders
and/or concurrently with other steps or events apart from those illustrated and/or

described herein. In addition, not all illustrated steps may be required to implement one

or more aspects or embodiments described herein. Also, one or more of the steps depicted

herein may be carried out in one or more separate acts and/or phases.

[0075] Various embodiments may also provide a monolayer of nanorods on a substrate
obtained according to the method of various embodiments.

[0076] FIG. 2D shows a schematic top view and a schematic cross-sectional view of an

optical arrangement 200, according to various embodiments. The optical

arrangement‘200 includes a substrate 202, and a monolayer 204 of nanorods 210 on the . v

substrate 202, wherein the nanorods 210 are at least substantially vertically aligned, and

_‘wherein an edge-to-edge spacing (or gap distance), 4, between adjacent nanorods 210 is

equal to or less than about 15 nm (i.e. < 15 nm). The optical arrangement 200 may be
formed using methods of various embodiments. , |
[0077] In various embodiments, the edge-to-edge spacing, 4, may be equal to or less than
about 12 nm (i.e. £ 12 nm), for example< lOnmor<8nm ‘

[0078] In vanous embodiments, the edge- to- edge spacing, i, may be equal to or less than

about 2 nm (1.e. < 2 nm), for example about 1.7 nm.

13 o
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[0079] In various embodiments, the edge-to-edge spacing, 4, may be equal to or less than
about 1 nm (i.e. £ 1 nm), for example between 0.6 nm and 1.0 nm, e. 2. about 0.8 nm.
[0080] In various embodiments, the edge-to-edge spacing, 4, may be between about 6 nm

and about 12 nm, for example between about 6.7 nm and about 11.8 nm, e.g. about

6.7 nm, aboyt 7.7 nm, about 7.9 nm, about 10.2 nm, or about 11.8 nm.

[0081] In the context of various embodiments, each nanorod 210 ntay be free of a
surfactant.

[0082] In the context. of various embodlments each nanorod 210 may include a
surfactant coated on a surface of the nanorod 210. The surfactant may be coated on the
entire exposed surface of each nanorod 210. The surfactant may act as a capping material.

The surfactant may be a stabilizing agent. The surfactant may induce growth of the

- nanorods 210 in a preferential direction or orientation during growth of the nanorods 210.

In various embodiments, the surfactant may include hexadecyltrimethylammonium
bromide (CTAB).
[0083] In the context of various embodiments, each nanorod 210 may have a diameter, d,

or a cross-sectional width of between about 27 nm and about 46 nm, for example between

“about 27 nm and about 40 nm, between ab‘out 27 nm and aboﬁt 35 nm, between about 30

nm and about 46 nm, betwéen about 35 nm and about 46 nm, or between about 27.3 nm
and about 45.4 nm |

[0084] In the context of various embodiments, each nanorod 210 may have a length, /, of
between about 88 nm and about 101 nm, for example between about 88 nm and about 95
nm, between about 95 nm and about 101 nm, between about 90 nm and about 100 nm,
between about 88.2 nm and about 100.5 nm.

[0085] In the context of various. embodiments, the n‘anorods 210 may be arranged in a
hexagonally packed conﬁguratlon ' -
[0086] In the context of various embodiments, each nanorod 210 ‘may be or may act as a
plasmonic nanorod, where each nanorod may be capable of supporting a plasmon (e.g-a

surface plasmon). This may mean that each nanorod may include or be made of a

- material that may be capable of supporting a plasmon (e.g. a surface plasmon).

{0087] In the context of various embodiments, each nanorod 210 may include at least one

of gold (Au) or silver (Ag).
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'[0088] In the context of various embodiments, the substrate 202 may include at least one
~of a 'semiconductor,' a glass or a polymer. The semiconductor substrate may include

 silicon (Si) or gallium nitride (GaN) (e.g. a GaN light emitting diode (LED) device). The

glass substrate may include an indium tin oxide (ITO)-coated glass. The polymer
substrate may includ_e'poly(ethylene naphthalate) (PEN). The polymer substrate may be
flexible: |

[0089] Various embodiments may also provide use of the optical arrangement 200 for
detection of at least one.of an organic corﬁpound, a virus, a protein or a nucleic_acid
(c.g. DNA). |

[0090] In various embodiments, the organic compound to be detected may include at
least one of a phthalate or melamine. Examples of phthalates include but not limited to
Benzylbutylphthalate (BBP, CioHyO4), Bis(2-ethylhexylphthalate (DEHP, CyqHssO4),
Dibutyl phthalate (DBP, Cy4H,,04), and Diethyl Phthalate (DEP, C1,H,404).

[0091] In various embodiments, the organic compound to be detected may have a
concentration.equal fo or less than about 1 femtomolar (i.e. <1 M), e.g. about 1 fM or .
about 0.9 fM. ’

[0092] In vari}ou's embodiments, detection may be carried out by means of Raman

spectroscopy, €.g. surface-enhanced Raman scattering spectroscopy.

- {0093] Various embodiments may also provide use of the optical arrangement 200 in a

Raman spectroscopy (e.g. surface-enhanced Raman scattering spectroscopy) device or
system. . B

[0094] The process of various embodiments for self-assembly of gold (Au) nanorods into
a vertically aligned monolayer will now be described by wayv_ of the followihg non-

limiting examples.

-[0095] An evaporation-induced self-assembly straiegyym'ay be employed to generate a

vertically alighed ‘monolayer of CTAB (hexadecyltrimethylammonium bromide)-
stabilized Au nanorods based on a near-equilibrium status at an internal region of drying
droplets, which may eliminate or at least minimise any complex ligand exchange reaction

which may occur. The process may include synthesis of CTAB-coated Au nanorods,

followed by evapbration-induced Aself-aséembly of the CTAB-coated Au nanorods to

form a vertically aligned monolayer on a substrate. '
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[0096] The syntﬁcsis of the CTAB-coated Au nanorods will now be described. Au

nanorods were  prepared  using a 'seeded growth method With
hexadecyltrimethylammonium bromide (CTAB) as a stabilizing agent. The seed solution
Waé ‘prepared by mixing an aqueoué solution of frésh ice-cold NaBH, (Sodium
borohydride) (0.6 ml, 0.01 M), HAuCl, (Chloroauric acid) (0.25 mL, 0.01. M) and CTAB
(9.75 .ml, 0.1 M). After rapid inversion for about 2 minutes, the seed solution was allowed
to stand for about 2 houré at approximatgly 28°C. A growth solution was. made by
respectively adding aqueous solutions of AgNOj; (Silver nitrate) (0.01 M, 0.4 mL),
HAuCl; (Chloroauric acid) (0.01‘ M, 2 mL), ascorbic acid (0.1 M, 0.32 mL) and HC]
(Hydrochloric acid) (1.0 M, 0.8 mL) into a CTAB aqueous solution (0.1 M, 40 mL). The
seed solution (apprdximately 10 uL) was added into the growth solution to form a
mixture solution. After a gentle inversion for about 10 seconds, the mixture solution was

left undisturbed for about 16 hours. As a result, Au nanorods were formed and the Au

‘nanorods were obtained by centrifugation, and re-dispersed in a CTAB aqueous solution

(0.1 M, 40 mL). , _

[0097] The evaporation-induced self-assembly of the CTAB-coated Au naﬁorods to form
a vertically aligned movnolaye‘r will now be described. ‘Approxifnately 3 ml prepared Au
nanorods were centrifugated at a speed of about 6000 rpfn for about 10 minutes, and the
precipitates were re-dispersed in a CTAB sblution (2 ml, 2.5 mM) containing NaCl

(Sodium chloride) whose concentration were approximately 0, 0.001, 0.004, 0.01, and

'0.03 M, respectively. Then, approximately 10 uL dispersion of the CTAB-coated Au

nanorods were dropped on arbitrary substrates, such as silicon (Si), glass, ITO (indium tin
oxide) glass, GaN (gallium nitride) LED (light emitting diode) device, or flexible PEN
(poly(ethylene naphthalate)) polymer, which were cleaned by acetone and isopropyl

alcohol. The sdmples of thé substrates with the CTAB-coated Au nanorods were keptina -

petri dish with a cover at about 21°C for about 12 hours. The humidity was approximately ..
~ 61%, although a humidity of between about 60 % and about 100% may be provided. Asa

- result, a monolayer of vertically aligned Au nanorods was formed on the respective |

substrates. o _
[0098] For the purpose of SERS characterization, Raman scattering spectf‘oécopy was -

conducted on the Au nanorod arrays of various embodiments using a micro-Raman
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spectrometer (Horiba-JY T64,000) excited with a solid state laser (wavelength, A=

785 nm) in a backscattering conﬁguration. The backscattered signal was collected

* through a 100 x objective and dispersed by a 1800 g/mm grating. The laser power on the

sample surface was measured to be about 1.2 mW.

[0099] Examples of the array of Au nanorods that are formed ahgned at least
substantially perpendlcularly or vertically on a substrate and the corresponding results
will now be described. B

[0100] Gold (Au) nanorods having a length, /, of approximately 92.5 nm and a diameter,

" d, of approximately 34.3 nom were synthesized using CTAB as a stabilizer. CTAB may act

as a surfactant that coats the surface of the Au nanorods. FIG. 3A shows a plot 300 of an

- absorption spectrum of a gold (Au) nanorod aqueous solution (e.g. Au nanorods

dispersed in H,O). Plot 300 shows that the longitudinal plasmon band of the Au nanorods
is located at approximately 717 nm. FIGS. 3B and 3C show, respectively, a scanning

“electron microscopy. (SEM) image 301 and a transmission electron microscopy (SEM)

image 302 of the Au nanorods, as represented by 310. The scale bar in FIG. 3C represents
100 nm. The TEM image 302 shows that the Au nanorods 310 exhibit good size
uniformity. | »

[0101] Approiimately 10 pL of a Au nanorod aqueous dispersion containing NaCl
(0.01 M) was dropped on Si substrates and kept in a petri dish at room temperature
(approximately 21°C). The water solvent of the aqueous dispersion was then allowed to
evaporate through the gap or spacing between' the base dish and the cover of the petri
dish. After about 12 hours, vivid hexagonal Verﬁcal arrays of Au nanorods were formed,

and the edge-to-edge spacing (or edge-to-edge gap distance), A, between adjacent Au

* nanorods was found to be appr0x1mately 7.7 £ 0.4 nm. .

[0102] FIGS. 4A to 4E show scannmg electron mlcroscopy (SEM) 1mages of the formed -

‘monolayer vertical Au nanorod array arranged in a hexagonal lattice (hexagonally packed

configuration) and results illustrating the tuning of the separatioh or gap distance between

adjacent Au nanorods. FIG. 4A shows a scanning electron microscopy (SEM) image 400

_ illustrating a top view of the Au nanorods with an edge-to-edge gap distance,' h, of about

7.7+ 0.4 nm. The inset of FIG. 4A shows an SEM image 401 illustrating an edge view of
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‘the Au nanorod array. As may be observed from the SEM image 401, the array of Au

- nanorods is arranged in a monolayer fashion or in other words, as a monolayer feature.

[0103] In order to tune the spacing or separation, 4; between adjacent Au nanorods that
are assembled in a hexagonal vertical monolayer array, the ionic strength of a-sample
solution containing the Au nanorods may be adjusted to change the Debye length
associated with the Au nanorodes dispersed in the solution. The ionic strength may be
changed by means of addition of an electrolyte, for example In a colloidal aqueous
dispersion, the Debye length, k' fora symmetric monovalent electrolyte may be denoted

by Equation 1:
k' (nm) = 0.3/ I(M) (Equation 1),

- where [ is the ionic strength expressed in molar (M or mol/L). In various embodiments,

-sodium chloride (NaCl) may be used as the electrolyte to adjust the ionic strength.

[0104] The edge-to-edge separation, 4, between Au nanorods may decrease as the Debye
length decreases. When‘ the Debye length is adjusted to be approximetely 1.7 nm, the
separation (or gap distance), h, between adjacent vertical Au nanorods may decrease te
approximately 6.7 bﬂ: 0.9 nm, which is approximately twice the length of a bilayer of the

cationic surfactant CTAB. While not wishing to be bound, this value may be'a lower limit

 that may be achieved in the assembly of the CTAB-coated Au nanorods.

[0105] FIG. 4B shows a plot of measured edge-to-edge separation, 4, as a function of the
Debye length, which is adjusted by changing the ionic strength. As may be observed, the
spacing (gap size), h, between adjacent nanorods may be tuned to approximately

7.7+ 0.4 nm, 7.9 + 0.9 nm, 10.2 + 0.7 nm, and 11.8 + 0.8 nm when the Debye lengths for

_Au nanorod solutiens are about 3.0 nm, 4.4 nm, 7.2 nm, and 11.3 nm, respectively.

[0106] In order to change the gap distance, /4, between adjacent Au nanorods, the CTAB
molecules attached on the nanorod surface during synthesi's of the Au nanorods may be
removed. In various embodiments, the CTAB molecules may be at least substantially '

removed by means of an ultraviolet (UV) ozone treatment. In a non-limiting example, ‘a

- vertical Au nanorod monolayer array, on a substrate, w1th approximately 7.7 nm gap

dlstance was treated Wlth a UV ozone cleamng Surpnsmgly, the inventors found that the
edge-to-edge spacmg or gap distance, &, between adjacent Au nanorods sharply decreases :

to sub-nm of approximately 0.8 + 0.3 nm, and crack patterns are formed, as may be
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observed from the SEM images 403 (FIG. 4C), 404 (FIG. 4D) illustrating the same regio.n
of the array of vertical Au nanorods before and after treatment by UV ozone,
respectively. The respective scale bars in FIGS. 4C and 4D represent 100 nm. FIG. 4E
shows a plot 405 of distribution of the edge-to-edge gap distance, A, of gold (Au) °
nanorods after the ultraviolet (UV) ozone treatment. As may be observed, the edge-to-
edge gap distance, 4, is predomihantly dis,tribufe_d between about 0.6 nm and about 1.0

nm. The decreg'se in the edge-to-edge gap distance or separation, 4, may be because the

electrostatic repulsive force between Au nanorods diminishes as the CTAB molecules are

removed from the surface of the Au nanorods. The“ van der Waals forces in turn may
further drag the haﬁorods closer to each othef. This may lead to the crack pattern and sub-
nm gap distance formation in each domain. As a result of the decrease in the edge-to-
edge gap distance, A, the local electromagnetic enhancement may be dramatically
improved upon UV ozone treatment, which in is line with the results shown in plot 107
of FIG. 1E.

[0107] In order to better understand the decrease of the gap size, 4, between adjacent Au
nanorods, a cathodoluminescence (CL) system may be used to investigaté the plasmon
response of the Au ﬁanorods, which may be excited by a focused 8 kV electron beam.
FIG. 5A éhows a plot 500a of cathodoluminescence (CL) specta of the vertically aligned

gold (Au) nanorod monolayer before and after treatment by UV ozone, while FIG. 5B

shows a plot 500b of normalised cathodoluminescence (CL) specta based on the CL

spectra of FIG. 5A. The CL spectra prior to the UV ozone treatment are represented by
the results 502a (FIG. 5A), 502b (FIG. 5B), while CL spectra obtained after fhe [UAY
ozone treatment are fepresented by the results 504a (FIG. 5A), 504b (FIG. 5B).

[0108] As may be observed in FIGS. 5A and 5B, after the tréatﬁlent by UV ozone, the
CL spectra show a red-éhift frorﬁ about 5‘37‘? nrh to',abm-lt 575 nm, iridicatin'g a debf%ase .in

the gap size or separation, 4, between the Au nanorods. Further, the CL. intensity

‘increases sharply after the UV ozone treatment, which indicates that the plasmon

coupling is enhanced, further \‘/erifying'the decrease in the gap size.
[0109] Highly organized vertical monolayer arrays of Au nanorods may be obtained or -

formed on a variety of substra_téS, ranging from indium tin oxide (ITO)-covered' glass,
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gallium n1tr1de (GaN) light emitting diode (LED) device, glass substrates to even ﬂex1ble
poly(ethylene naphthalate) (PEN) films. ’

[0110] FIG. 6A shows a scanning electron microscopy (SEM) image 600 of an array of
vertical gold (Au) nanorods on a gallium nitride (GaN) light emitting diode (LED)

~.device. FIG. 6B shows a scanning electron microscopy (SEM) image 601 of an array of

vertical gold (Au) nanorods on an indium tin oxide (ITO) coating of an ITO glass.
FIG. 6C shows a scanning electron microscppy (SEM) image 602 of an array'of vertical
gold (Au) nanofods on a glass. FIG. 6D shows a scanning electron microscopy (SEM)
image 603 of an array of vertical gold (Au) nanorods on a flexible poly(ethylene
naphthalate) (PEN) polymer film. The respective scale bar in FIGS. 6A to 6D represents
100 nm. FIG. 6E shows a photograph 604 of an arrangement 605 of an array of vertical
Au nanorods on a GaN LED device and an arrangement 606 of an array of vertical Au
nanorods on a flexible PEN film. As may be observed, the arrangement 606 may be urged
into a curve, illustrating its ﬂexibility. The inset in FIG. 6E shows a photograph 608 of
the GaN LED device at about 3.5 mA current. | »
[0111] Accordingly, various embodiments of the monolayer array of vertically aligned
Au nanorods on a substrate may be of high interest. for a wide range of potential
applications, such as, for example, for control of the directionality and polarization of
LEDs, and as a light enhancer in flexible electronic and photomc devices. The results also
indicate that the formation of vertically aligned monolayer is independent of the
substrates used.

[0112] While not w1sh1ng to be bound, the~ followmg may be one example of a

mechanism of the self-assembly of the Au nanorods on a substrate. FIGS. 7A to 7C show

- a schematic representation of the evolutlon of vertical gold (Au) nanorod self-assembly

- arrays in different stages of the process Gold (Au) nanorods may be dispersed in a NaCl,

aqueous solution to form a solution, in whlch a droplet of the solution may then be
provided on a substrate. FIG. 7A shows a schematiq diagram 700a of the initial
dispersion of gold (Au) nanorods 710 in a NaCl aqueous solution 712, in the form of a
droplet 714, on a substrate _-_7‘02. The _Au nanorods 710 in the aqueous dispersion or
solution invlay form an initial hexagonal nucléus in a side-to-side model, and then free Au

nanorods 710 may assemble around the nucleus, leading to the growth of hexagonal ,
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monolayér arrays 710a, as shown in the schematic diagrém 700b of FIG. 7B illustrating
the nucleation and growth process of the self—assenﬁi)lies of the Au nanorods 710. The
moholayer arrays 710a may then precipitate to stand up on the substrate 702 due to
gravity and‘ van der Waal’s interactions to the host substrate 702. FIG. 7C shows a
schematic diagram 700c of the sedimentation and the final formation of the Au nanorod )
vertical afrays 710b.

[0113] A few monolayer "arrays of Au nanorods may be observed lying down on the
substrate horizontally after formation. FIG. 8 shows a scanning electron microscopy
(SEM) image 800 df a monolayer gold (Au) nahorod array 81 1 lying down on a substrate
horizontally. However, the small number of Au nanorod arrays lying horizonté)lly on the
substrate provides support for the mechanism described above. The vertical monolayer
array predominates because it has a larger contact area with respect to the substrate and is
subj ected toiminimization of surface energy. '
[0114] During the self-assembly process, the van der Waals force and the attfactive
depletion force may induce adjacent Au nanorods to approach each other. An electrostatic
repulsive force may be responsible for stabilizing the Au nanorods within a certain
distance- and may prevent them from random aggregation. The synergy between the
attractive and repulsive forces may induce the Au nanorods to form highly ordered

phases.

[0115] In order to determine the electrostatic energy between two similar parallel rods,

the Derjaguin’s approximation may be used, which assumes that the parallel rods may be
considered to be formed by contributions of two parallel thin plates. The electrostatic

interaction energy per unit area between two similar parallel plates, E;, may be written as
‘ - 2 h— 2tCTAB -, '
© E, =egxp’|1-tanh KT‘"‘ 1 (Equatlon 2),

where ¢ and & are the relative electric permittivity of the electrolyte solution and the

electric permittivity of a vacuum, respectively, x is the inverse Debye length, ¢ is the

) Zeté potential of Au rods, % is _the edge-tb—edge spacing between the plates, and zc7yp 1S

- the thickness of the CTAB bilayer on-the surface of the plate, which is about 3.2 nm.

[01 16] With the hélp of the Derjaguin’s approximation, the eleét'rostatic‘e‘nergy between

two si'milar'parallel rods, E, may be given by
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E, =1 J‘ E dx= 21%880(02Li1/2 (—e"((h_m”"‘f ))_ (EQuation 3),

Whe_fe [ is the length of the Au rod, r is the radius of the Au rod, k¥ >> 1 and (h-2¢cry5)
‘ B . Es k '
<< r, and Lis(x) is a polylogarithm function, defined by Li (x) = Z—i—s— .
. k=1
[0117] As an example, the van der Waals potential, E,q4,, the depletion potential, Ey,,
and the electrostatic energy, E.., as a function of separation, 4, may be calculated, as
illustrated below, in the case of the Debye length, x! , of about 3.0 nm. The van der

Waals potential, £,4,, of two s.,imilarlparallel rods may be given by

Alr'”? )
By = TR (Equation 4),

whefe 4 is the effective Hamaker constant (~1x10" ), I is the length of the Au rod, r is
is the radius of the Au rod, and # is the separation between the surfaces of adjacent Au
rods. ‘

[0118] The depletion potential, £,.,, between two parallel Au nanorods ﬁlay be given by

E,, = ——;—lﬂ[—h\/(Zr +m)* —h* +(2r + m)* arccos( h )] (Equation 5),

2r+m

where m is the diameter of CTAB micelles (5.8 nm), Py = fmicetiesReT is the osmotic
pressﬁrc generated by the micélles, R, is the universal gas constant, 7 is the temperature
in Kelx'}in degree, Amicenes 1s the concentration of CTAB micelles (nuicenres = (ccras -
c'CMc)/Nggg, where N, is the‘aggregatioh number of CTAB micelles (120, 2.5 mM), ccris
is the concentration of CTAB, and ccuc is the critical micelle concentration of CTAB
(0.92 mM)). |

[0119] FIGS. 9A‘and 9B show thq theoretical calculation results for the self-assemblies

“of Au nanorods. FIG. 9A shows a plot 900 of interaction free eriérgy as a function of

- separation (or gap distance), 4, between two gold (Au) nanorods when the Debye length,

K is about 3 nm. Plot 900 shows result 901 for E;,e, result 902 for Ede,,; result 903 for
Eyiw, result 904 for the sum of E,j, and Eyep, (i.€. Eeie + Eqep), result 905 for the sum of E,,
and E,g, (i.e: Ez + Eyg,), and result 906 for the sum of Eete, Evay and Egep, (€. Eee + Eyaw

o+ Edep)-
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[0120] The depletion interaction, Egp, is much smaller than the van der Waals, Evdw, and

the electrostatic, F, interactions. If only the electrostatic and the depletion interactions

~ are considered, the resultant force may still be repulsive. However, the synergy of the

electrostatic and the van der Waals interactions may result in the errergy being minimized

- at a separation of about 7.5 nm, which is in good agreement with the experimental data of

ebout 7.7 nm. Therefore, the electrostatic interaction, E.,, and the van der Waals
interaction, E,4v, may be predominant for the formation of vertical arrays of Au.nanorods.
[0121] The total interaction ehergy, Etota, defined by Eroas = Ecte + Egep + Evgy, as a
functioh of separation (gap distance), 4, between two parallel similar Au nanorods may
be as shown in FIG. 9B. FIG. 9B shows a plot 930 of total interaction energy, Ery, as a
function of separation (or gap distance), /, between two parallel gold (Au) nanorods for
different Debye lengths k. Plot 930 shows result 932 for ¥/ = 1.7 nm, result 934 for !
= 3.0 nm, result 936 for k' =4.4 nm, result 938 for k! =7.2 nm, and result 940 for x’
11.3 nm.

[0122] The free energy may be minimized at a separation, A, of about 6.6 nm, about 7.5
nm, and about 7.8 nm when the Debye length is about 1.7 nm, about 3.0 nm, and about
4.4 nm, respectively, which are in good agreement with the experimental data. Further,
the minimum in the interaction energy becomes deeper and the separation between two
Au nanorodsdecreases as the Debye length decreases. However, wherr the Debye length
is about 7.2 nm and about 11.3 nm, Equation 3 may no longer be applicable because the
corresponding values of xkr are about 2.4 and about 1.5, respectively, which are close to 1.
The free energy when the Debye lengths are about 7.2 nm and about 11.3 nm is
maximized at about 10.6. nm and about 11.8 nm, réspectively, suggesting that it may not
be poesible ‘to assemble nanorods in' a Vertieal monolayer array under ‘such ionic
strengths. o . | | | |

[0123] Detection of plasticizers (e.g. phthalates) and melamine usihg various
embodiments of the array of vertically aligned Au nanorods on a substrate will now be

described by way of the following non-limiting examples. The vertical monolayer arrays '

- of Au namorods may be exp101ted for ultrasensitive detection of food contaminants such

as plasticizers and melamine. Phthalate is known as an endocrine disrupter which

produces reproductive and developmental toxicity, which may cause issues such as
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miscarriage, fewer motile sperm and external sex organs malformation in infants.

Melamine, known as a triazine heterocyclic organic chemical material, can block and

damage renal cells, resulting in kidney malfunction, and even death in infants.

[0124] A highly aligned vertical monolayer of Au nanorods with approximately 7.7 nm
édge-td-ed‘ge gap, h, was used as the SERS substrate and Benzylbutylphthalate
(BBP, Ci9H»004) was used to determine quantitatively the SERS signal. ‘The Raman

~ scattering spectroscopy was_conducted with a 785 nm excitation source. In order to

eliminate or at least minimise. any signal interference due to the CTAB molecules that
were absorbed oﬁ the surface of the Au nanorods during the synthesis procéss, the
vertical Au nanorod monolayer array was treated with UV ozone cleaning so as to
remove the CTAB moleciﬂes. The UV ozone treatment was carried out for about 20
minutes without heating. In this way, a highly aligned vertical monolayer of Au nanorods
with approximately 0.8 nm edge-to-edge gap distance, A, may be obtained after the UV |
ozone treatment. ” ' |
[0125] Plasticizer ethanol solutions and melamine methanol solutions, such as
Benzylbutylphthalate (BBP, Ci9H2004), Dibutyl phthalate (DBP, C;¢H2,04), 'Diethyl
Phthalate (DEP, C12H1404), Bis(2-ethylhexyl)phthalate (DEHP, C,4H3304), were prepared
with different concentrations, e.g. about 1 fM, 1 pM, and 1 nM. For BBP d_étectipn,
approximately 10 pL BBP ethanol solution (1 fM) was dropped onto an array of vertical
Au nanorods on a‘ 1x1 ¢m? silfcon (Si1) substrate, Whichvspread quickly. After about 1 -
hour, ethanol totally evaporated, and SERS signals were recorded. For other plasticizers
and mélathi_ne, the procedure used was the same. ;

[0126] FIG. 10A shows a plot IOOO of surface enhanced Raman scattering (SERS)
spectra of Benzylbutylp_hthalate (BBP) on a vertically-aligned monolayer Au nanordd_ '

array. Plot | 000 shows a SERS spectrum 1002a and a SERS spectrum 1002b for the array

of Au nanorods prior to and‘post UV ozone treatment, respectively. As may be observed,
the characteristic peaks of CTAB rﬁolecules at about 755 cm’! (-C-N+‘ stretching
vibration), about 844 cm™ (CHj deformatibn), about 1144 em’ (C-C stretching
Vibrafion), and about 1266 cm’ (CH, wagging vibration) diéappear afteJr_' the UV ozone

treatment, when compared to the Raman spectrum of the CTAB molecules before the UV
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ozone treatfne’:nt, as ‘shown by the spectrum 1002a, which further verifies that. CTAB
molecules were wiped out or removed completely from the surface of the Au nanorods.
[0127] Plot 1000 further shows a SERS spectrum 1004 corresponding to about 10 pL,
1 fM BBP, a SERS spectrum 1005 corresponding to about 10 uL, 1 pM BBP, a SERS
spectrum 1006 corresponding to about 30 pL, 1 pM BBP, and a SERS Sp¢ctmm 1007
corresponding to about‘ 100 uL, 1 nM BBP. As illustrated in FIG. -IOA, when
approximately 1‘0 uLlsolution of BBP (1 fM) in ethanol was drop-casted on the vertical
Au rods monolayer array standing on approximately 1x1 cm?® Si substrate, a pronounced
Raman signal may be observed from the spectrum 1004. As the concentration and
volume of the BBP solution increase, the overéll spéctral intensity is rather quantitatively
increased, with similar spectral féatures, as may be observed from spectra 1004, 1005,
1006, 1007. The Raman peaks at about 1066 cm'l, about 1580 cm’l, and about v1618 cm’’
correspond to the ring-ring stretching vibration of orthd-phenyl group, and the peaks at -
about 598 cm'l, about 639 cm'l, and about 766, cm’! are due to ring deformation. The
peaks at about 844 cm™, about 1378 cm’', and about 1450 cm’' may be assigned to the
aromatic C-H twisting vibration, the CH; symmetric deformation, and the C-H in plane
bending of alkyl group, respectively. ,

[0128] Based on the highly sensitive SERS substrates of various en;bodiments, ‘
melamine (C3H¢Ng) and other plasticizers at a femtomolar level, such as Bis(2-
ethylhexyl)phthalate (DEHP, C24H3804), Dibutyl phthalate (DBP, C;¢H2,04), and Diethyl
Phthalate (DEP, C12H,404), may also be detected. F.IG. 10B shows a plot 41ﬁ030 of surface
enhanced Raman scattering (SERS) spéctra of plasticizers and melamine, at a
concentration of about 1fM, on a vertically-aligned monolayer Au nanorod array.
Plot 1030 s'h(ows a SERS spectrum 1032 corresponding to ébout 20 uL, 1 fM DEHP, a
SERS spectrum 1033 corresbénding to about 10 pL, 1 fM BBP, a!SE'RS spe_ctrufn 1034 |

" corresponding to about 20 pL, 1 M DBP, a SERS spectrum 1035 corresponding to about

20 pL, 1 fM DEP, and a SERS spectrum 1036 corresponding to about 10 pL, 1 fM

- melamine. The spectrum 1033 corresponds to the spectrum 1004 of FIG. 10A, but in an

expanded view. ‘ -
[0129] For melamine, the peaks at about 637 cm’ and about 914 cm™ may be assigned to

the ring breathing mode, involving an in-plane deformation of the triazine ring.' The peaks
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at about 729 cm™' and about 762 cm™* correspond to the out-of-plane vibration of the ring.
The ring stretching vibration are at about 1068 cm™, and about 1178 cm™. The range of
1350-1450 cm” may be assigned to the semi-circle ring stretch. The quadrant ring
strefching vibrations may be in the 1500-1600 cm™ region. The peak at about 1620 cm

is from NH, deformation.

~[0130j Such a femtomolar (fM) level sensitivity and molecular ﬁngefprint identification

suggest that the vertical Au nanorod arrays of various embodiments may pave the way for
direct and faét,detéction of food contaminants in the real world, such as in food or drinks‘.»

[0131] Plasticizer (e.g. BBP and DEHP) detection in orange juice samples were carred
out to detect trace amounts of BBP and DEHP (0.9 fM) in orange juices. Approximately

10 uL orange juice sample was extracted from a bottle of a commercial brand orange

juice available in Singapore. The orange juice sample was mixed with a phthalate

plasticizer (BBP or DEHP) ethanol solution (approximately 90 pL, 1fM), so that the
actual BBP or DEHP concentration is about 0.9 fM. Besides water, pure orangé Jjuice

mainly contains Vitamin C and carotene. Approximately 10 pL mixture solution of the

‘orange juice sample containing either BBP or DEHP was drop-casted onto a vertical

array of Au nanorods on a 1x1 cm® Si substrate. After the ethanol has completely
evaporated, SERS signals were recorded. o |

[0132] FIG. 10C shows a plot 1040 of surface enhanced Raman scattering (SERS)
spectra for detection of Benzylbutylphthalate (BBP) and Bis(2-ethylhexyl)phthalate
(DEHP) at a femtomolar level (fM) in orange juices on a vertically-aligned monolayer Au
nanorod array. Plot 1040 shows a SERS épectrum 1042 correspbnding to an orange juice
on a Si substrate, a SERS spectrum 1043 corresponding to about 10 uL mixture solution
of orangc juice and ethanol, a SERS spectrum 1044 corresponaing to about 10 uL, 0.9 tM
DEHP 'in a mixture solution" containing ‘orange juice and ethanol, and a SERS
spectrum 1045 corresponding to about 10 pL, 0.9 fM BBP in a -mixture solution

containing orange juice and ethanol.

[0133] Direct Raman analysis of pure orange juice on a Si substrate does not offer any

* detectable Raman signals, as shown by the spectrum 1042. However, the SERS

spectrum 1043 of the orange ' juice taken on a vertical Au nanorod array shows the

fingerprint features of Vitamin C ‘and carotene at about 610 cm’ (C-C ring stretching),
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- about 760 cm’ (OH out—of-plan‘e deformation), about 895 em’ (C-C ring stretching),

about 960 cm’™' ( C-H and O-H in plane bending), about 1145 cm’ (C-O-C stretching),
about 1176 cm™ (Methyl rock), about 1245 cm™ (C-O-H bending), about 1269 cm™ (C-
O-C stretching), about 1447 cm™ (C-H sciss‘oring),' and about 1500 cm’ (C=C
stretching), with the coi‘responding vibrational modes or peaks identified in FIG. 10C.
[0134] After addition of DEHP in orange juice at about 0.9 fM, the Rarﬁan peaks of
DEHP at about 1001 cm™ and about 1073 ;m'l, which may be assigned to the ring-ring
stretching mode, may be detected as shown by the spectrum 1044 as compared to the
SERS specfrum 1043 of orange juice. For the BBP contaminated orange juice, the Raman
peaks of BBP at about 826 cmil, about 1060 cm™ and about 1360 cm™ may be clearly
identified in the spectrum 1045, although a few wavenumber red shift (i.e. a shift to lower
energy) may be observed in comparison to the spectra of the BBP molecules in ethanol as
shown in‘ FIG. 10A, which may be due to the intermolecular interactions between BBP
molecules and Vitamin C in juices .by hydrogen bond and 7-electrons. BBP and DEHP
may be distinguished unambiguously, although they may share some similar Raman
fingerprints. The results indicate that plasticizer contaminations in actual orange juice
svamples‘ may be detected at a femtomolarllevel, suggesﬁng great potential of nanorod
monolayer for real applications in food safety and environmental screening. |

[0135] It should be appreciated that the Au nanorod monolayer on substrate is not

confined to detection of food contaminants, but may be employed to detect any organic

‘compounds in general. -

[0136] As described above, various embodiments may provide an evaporation-induced

self-assembly of CTAB-coated Au nanorods to form highly organized vertical monolayer
arrays, which may be reproducibly prepared on arbitrary substrates, such as but not
limited to silicon (Si), ‘glaéé;i galliurﬁ nitride light emitting diode (GaN LED) and flexible -
poly(ethylenévnaphthalate) (PEN) polymer. The edge-to-edge spacing or separation, 4,
between adjacent Au nanorods may be tuned between about 11.8 nm and about 6.7 nm by

adjusting the ionic strength of the solution containing the Au nanorods. The synergy

, bétw‘e'en the electrostatic repulsive force and the van der Waals attractive force may

maintain the Au nanorod arrays at an equilibrium status. The decrease of electrostatic

_force may induce the Au nanorods to approach each other in an ambient environment,
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which may result in a smaller edge-to-edge gap distarice, h. For example, the gap
distanee, ‘h, may be decreased to a sub-nm regime, for example 0.8 = 0.3 nm, from an
array of Au nanorods on a substrate having an edge-to-edge separation, 4, of about
7.7 nm, by vremovingbthe CTAB molecules abserbed on the Au nanorods by an ultraviolet
(UV) ozone treatment.

[0137] Finite-difference time-domain method (FDTD) calculation shoWs that the vertical
monolayer arrays may exhibit a strong and uniform electric field enhancement in the gaps
between adjacent nanorods in the order of about 10° at the sﬁb-nm gap distance, Whieh

may result in an exceptional femtomolar detection of a variety of plasticizers in surface

enhanced Raman scattering (SERS) w1th molecular fingerprint clearly resolved.

[0138] Various embodiments may provide a simple but robust approach to self-assemble
CTAB (hexadecyltrimethylammonium bromide)-coated Au nanorods into vertical
monolayer arrays. Based on the vertical-aligned Au nanorod monolayer, food
contaminants such as plasticizers and melamine may be detected at a femtomolar (fM)
level, which is about 7 orders of magnitude lower than the maximum allowable level of
approximately 6 bpb regulated by the U.S. Food and Drug Administration (FDA).
Further, a similar sensitivity of approximately 0.9 fM concentration may be achieved for
detection of food contaminahts in actuel orange juices, intentionally added with a trace
amount of plasticizers, using the devices or optical arrangements of various embodiments

containing the nanorods vertically aligned on a substrate. This suggests great potential '

‘towards real applications in food safety screening. Accordingly, the vertical Au nanorod

arrays or in other words, a monolayer of vertically aligned Au nanorods, may be used as a

~ SERS-active substrate for detection of organic chemical molecules, virus, protein, and

DNA detection, even at a single-molecule level.

[0139] Further, with the tunable self-assembly of Au nanorods based on the evaporation-:
induced approach, self—assembly of CTAB- coated Au nanorods 1nto vertical monolayer
arrays with a sub-nm gap distance may be achleved, which may be sultable for high
sensitivity, high tunability and multiplex sensing applications. Various embodiments may
be based on surface-enhanced Raman scaftering, which may reach sir{gle-molecular

finger-printing ' identification. The vertical monolayer of Au nanorods of various

‘embodimenté may act ‘as’ an extended nanoantenna which ‘may generate a- strong,

28



10

15

reproducible and highly homogeneous distribution of electric fields, which may provide
facile and reproducible SERS substrates that may be better than conventional substrates.
Further, food contaminants such as plasticizers and melamines may be detected at a

femtomolar level, which is not achieveable by current technologies.

[0140] Various embodiments of the array of Au nanorods aligned vertically on a

 substrate may‘be employed for chemical sensing applications. For example, the array of

Au nanorods may be used commercially to detect any toxic chemical materials, virus and
DNA in the ﬁellds of clin_'icai test, food safety, and environmental ‘pollution.

{0141} While the invention has been particularly shbwn and described with reference to
specific embodiments, it should be understood by those skilled in the art that varioﬁs
changes in form and detail may be made therein without departing from the spirit and
scope of the inventidn as defined by the appended claims. The scope of the invention is
thus indicated by the appended claims and all changes which come within the’r.neaning

and range of equivalency of the claims are therefore intended to be embraced.
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CLAIMS

1. A method of forming a monolayer of nanorods on a substrate, wherein the
nanorods are at least substantially vertically aligned on the substrate, and wherein an
edge-to-edge spacing between adjacent nanorods is equal to or less than 2nm, the
method comprising:

providing a droplet of a solution comprising said nanorods and a surfactant on
a substrate;

controlling the temperature and the evaporation of the solution such that the
internal region of the droplet is kept at near equilibrium status to allow formation of
the monolayer of nanorods on the substrate, wherein each of the nanorods is coated
with the surfactant; and removing the surfactant from each of the nanorods, wherein
removing the surfactant comprises carrying out an ultraviolet ozone treatment on the

surfactant-coated nanorods.

2. The method as claimed in claim 1, wherein controlling the temperature and the
evaporation of the solution comprises exposing the solution to a temperature of

between 5°C. and 25°C.

3. The method as claimed in claim 1, further comprising controlling the humidity
of the environment the solution is exposed to.

4. The method as claimed in claim 3, wherein controlling the humidity of the

environment comprises exposing the solution to a humidity of 60% or more.
5. The method as claimed in claim 1, wherein controlling the temperature and the
evaporation of the solution comprises placing the substrate with the droplet in an

enclosure.

6. The method as claimed in claim 5, wherein the substrate with the droplet are

placed in the enclosure for a duration of 12 hours or more.

7. The method as claimed in claim 1, further comprising:

forming the nanorods;
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preparing an electrolyte solution; and

mixing the nanorods and the electrolyte solution to form the solution.

8. The method as claimed in claim 7, wherein the electrolyte solution comprises

a monovalent compound.

9. The method as claimed in claim 7, wherein the electrolyte solution comprises
at least one of sodium chloride, potassium chloride, potassium bromide, or sodium

bromide.

10.  The method as claimed in claim 7, wherein a concentration of the electrolyte
solution is equal to or less than 0.03 M.

11.  The method as claimed in claim 7, wherein forming the nanorods comprises:
preparing a seed solution comprising a precursor material for the nanorods;
preparing a growth solution comprising the precursor material; and

mixing the seed solution and the growth solution to form the nanorods.

12. The method as claimed in claim 1, wherein the surfactant comprises

hexadecyltrimethylammonium bromide or hexadecyltrimethylammonium chloride.

13. The method as claimed in claim 1, wherein each nanorod has a diameter of

between 27 nm and 46 nm.

14.  The method as claimed in claim 1, wherein each nanorod has a length of

between 88 nm and 101 nm.

15.  The method as claimed in claim 1, wherein each nanorod comprises at least

one of gold or silver.
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