ABSTRACT

MCGLADE, JOHN EDWARD. Directed Self Assembly of Nanospheres for Nahography
and Nanostructured Surface Plasmon Sensors. (Under the direction of John F. Muth.)

There is substantial interest in the development of new diagnostic tools for biamedic
applications. With these tools biologists will be able to develop better ideas of howduradlivi
cells function at the system level. The interactions of individual cells withuthstrate upon
which they reside, how cells move, and how they reproduce on the substrate arelyespecial
interesting areas. Cell mobility also appears to be different in cancermea-cancerous
cells. As a step towards a smart microscope slide, nano-lights can be used ly pptica
individual cells. This thesis focuses on the development of inexpensive nanopatterning
techniques to produce arrays of nano-holes where the dimensions are substasitipni¢he
wavelength of the interrogating light. The use of these arrayed subwathedgregtures
(typically ~200 nm in diameter) allows one to exploit surface plasmon resoeif@ces because
the distances between array elements are less than the decay lengfir@balgating surface
plasmon. The resonant nature of the surfaces plasmon which can be modified byahd size
periodicity of the array allows extras degrees of freedom with which tgrde®molecular
Sensors.

A principle challenge of this work was to develop an inexpensive method where
patterned structures can be produced on several different lengths scaldserfaménolayers
of cells are grown on cover slips or microscope slides of centimeter diead.0-100 m scale
sensing areas are where individual cells can be seeded and observed. Nanoholes of 100-400
nanometer diameters with 200-600 nm periodicity form arrays of subwavelength epertur
within the micron scale features. These patterns can be produced using electron bea
lithography or focused ion beam milling, but these methods are expensive and timeiegnsum
In this thesis, the alternative technique of natural or nanosphere lithograptgssgated. By
arranging polystyrene spheres on the substrate in a two dimensional ditystalllows the
formation of a physical mask that can used to form the array of nanoapertures.

A key feature of the work performed in the thesis is the development of techniques that
combine the placement of the individual drop containing the nanospheres, and then dragging the
drop in controlled manner. This allows the uniform deposition of the nanospheres into a
crystalline structure by providing a balance between the forces of evapaat surface



tension. The periodicity of the array is determined by size of the spheresz&loé thie holes
can be tailored by reactive ion etching. Furthermore, by patterning theaselost the 10-100
micron scale using photolithography it was found that within the defined areasthaood
crystals without defects could be formed. This allowed meeting the goal ohdefntron
scale arrays, while obtaining nanoscale patterns within the defined areasedrammn beam
milling was also used produce suitable subwavelength aperture arraygiamgtical properties

were investigated.
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Chapter 1

Introduction

1.1. Motivation

Microbiology studies are often hindered by the tradeoff between resolution and live
imaging. The electron microscope offers high resolution owing to its reducexttidh limit,
but studies are performed under vacuum conditions and unsuitable for live cell studies. Re
time cellular microscopy studies have been spurred on by the development thalconfoc
microscope and a method of synthesizing Green Fluorescent Protein (GFFjltaayescence
imaging has enabled in depth looks at the functions of specific proteins involved irot@om
and signal cascades, and the confocal microscope can offer 3-Dimensionadimiigia spot
size as small as Im. These analytical methods have become commonplace in many research
labs, yet the limitations in resolution, the number of proteins that can be studiedpasdrex
time still limit progress.

Fluorescent protein tagging is achievable through gene splicing methods, whichsencode
fluorescence on desired proteins by adding the nucleotides that code faotkedént protein
into the regular protein gene. Other fluorescent colors have also been developeddieBides
but due to the limitations in the number of fluorescent proteins available, only a faficspe
proteins can be tagged in each study. Images are captured through time-lapseinotog
prevent photobleaching and damage to the cell. While great images are captured in thre
dimensions by confocal microscopy, substantial real-time data is musitiy lthe dark.

Surface Plasmon Resonance (SPR) is a phenomenon that has been used as a biosensor for
a number of years. Figurallustrates the basic concept behind surface plasmon based sensing,
in which a propagatingvanescent wave is generated along the surface of a thin goldrfien.
free electrons in the metal can oscillate in resonance with the incigleintviave, and this forms
an evanescent electromagnetic field that extends into the immediatensiimgsu By probing
the surface of a thin film, changes in the dielectric constant of a matetied surface

interactions can be monitored.



Target Solution

— EM Frobe

A Thim Film

Incident Light Reflected Spectrum

Glass Prism

Figure 1. Traditional SPR sensing. A) A monochroratic light source is incident on the prism. The psm is
rotated to sweep through a range of angles to coupthe light into to longitudinal electron oscillatons in along
thin metallic film. Instead of rotating the prism, the wavelength can be swept at a suitable anglerttugh the
visible spectrum. An intensity dip in reflection will occur at a specific wavelength.

Surface plasmon resonance was first demonstrated to have biosensing anectjias det
capabilities in 1983. These initial developments led the company Pharmacia Biosensor to
launch the commercial BIAcore instrument for monitoring biospecific interasin real time.
Several other companies, such as Texas Instruments and Aviv, have developedirSRPRr
products. SPR angle and wavelength shift detection modes are not high throughput due to the
optical complexity of the instrument. More recent research in the optical pesparLocalized
Surface Plasmon Resonance (LSPR) suggests that they can also be used for bid3aasing
advantage of LSPR are that the requirements for polarization are retecatparison to
Surface Plasmon Resonance in thin films. The Electric field produced by the plasmon
electromagnetic wave can also be more intense, and it is localized totitlegpaAs in thin
films, the evanescent field that interacts with the environment is typibalhydne wavelength in
scale.

Plasmon Resonance effects can also influence light transmission throughperates
in opaque thin films. A theoretical treatment of light transmission through Botes using
diffraction theory, given by Betifeplaced a fundamental limit on the amount of light that can

pass through a sub-wavelength aperture:

*  r =radiusof thehole

r
/ = wavelengttof light



However, interactions between light and plasmon resonances of periodic struatupesic
transmission intensity beyond this liMitwe wish to apply the discovery of enhanced light
transmission through sub-wavelength aperfui@sellular biology.

Understanding proteins dynamics within the cell and the cell membraneésurfa
interactions can reveal the molecular mechanisms behind normal cell funalidisaase
progression. LSPR interactions occur at ranges within the diffraction 1ira2 (D) and can
potentially act as a near-field probe. Efforts have been made to break thes thaotuigh sub-
wavelength stimulation of fluorescent moleculésyt it has been questioned as to whether these
experiments really do push the limits of optical resolution into the nanometeetegi
In general, obtaining quantified data at the molecular level can offer new ssightellular
biology. The use of plasmon structures shows great promise in making new tocdthat c

potentially probe.
1.2. Thesis Overview

Experimental evidence has shown great potential for the use of Surface Plasmon
Resonance in subwavelength imaging and sensing. In our research, we have modified
Nanosphere Lithography to produce subwavelength apertures with a high degregsafmpre
This method is a high throughput alternative to expensive methods such as Focused lon Beam
Electron Beam Lithography. The technique uses organized arrays of colloidgbimamessto
form hexagonal arrays of subwavelength holes, nanowires, or particles.

These engineered substrates could be used to selectively illuminate egjitans of a
cell population, allowing for longer exposure times and reduced autofluorescenceer Furth
research in this area could also lead to real-time, label free microscoppdnates at or within
the diffraction limit. Many metals, such as silver, gold, copper, and nickehieglasmonic
properties, but our project focuses on the design of plasmon structures for biological studie
Gold is relatively inert and biocompatible and has many plasmon peaks in the spgbleum.

The background and theoretical information presented in this thesis is geared twards
understanding of the mechanisms at work in thin gold films and periodic gold structures) but c
be applied to silver or other plasmonic materials. A theoretical basis iroategnetic wave

theory as well as diffraction and scattering effects are presen@ubipter 2 with the scope



limited to understanding plasmonic gold structures. A review of researchragpesi
documented by other groups and a literature review of the biological applicationfaoésur
plasmon resonance is also presented.

Experimental methods and a discussion of the results are presented in Chapters 3 and 4.
Several experiments were conducted to find the best patterning method for Nanosphere
Lithography, and Focused lon Beam Lithography was also used both as a tiwepaoafor
NSL and to explore the nature of plasmonic structures. Hexagonal spaced holesi@ed par
can be fabricated with similar periodicities and geometry using both methbdsstructures
were characterized and compared with the available literature in CHap@drapter 5 includes a
discussion of future work as well as the conclusion. Important equations aragetevathin

the text, and several mathematical derivations are included in Chapter 6 asratxappe



Chapter 2
Surface Plasmons

2.1.Background Theory

Our experiments were aimed at fabricating nanometer scale metallicefe and
interrogating them with light. This section provides a theoretical backgfoustludying the
optical properties of these materials. The nature of light interactthgwetal involves the
transfer of electromagnetic energy between photons and collectivetastsllaf electrons.
Photon-plasmon energy transfer depends on the electron properties of the amteelkhlas the
energy and polarization of the light source. Due to constraints of matching the wawer mfim
the excitation with the propagating mode, only specific photon energies can be abgabed b
material. This results in characteristic absorption, reflection, and tissismbands for each
material. Nanometer-sized materials differ from their bulk countergag$o Mie scattering,

which is considered in section 2.2.4.
2.1.1. Maxwell's Equations & Boundary Conditions

Maxwell's equations and the constitutive relations are the rules that gdeetmomagnetic
fields propagating through matter. It is interesting to note that at the timaxetéll it was not
yet known that charge flow is quantized in elementary units known as elettidnss, the grain
structure of thin films and quantum effects are ignored in a macroscopicdrgathtontinuous
media. When the wavelength of incident light is much larger than the feature siag the
discrete nature of atoms and electrons are spatially averaged any csnsidiered

homogenous.



Maxwell’'s equations are first-order differential equations that deselectromagnetic
effects based on the spatial parameters and permittivity of the objectoi$téutive relations
determine the electric and magnetic flux that results from an impos#baiagnetic field and
the material’'s susceptibility to electric and magnetic polarization.

" E=. 1B

N E=- @
<, _..1D

N"H =3+ ®)
N-B=0 €]
N-D=r, 4
D = g,E+P(E) ©)
B=mE+M(H) 6)

From these equations, one can derive the wave equation for an electric field pngpgaga
different media. The boundary conditions at an interface between two homogenouslsnateri
can also be determined. The solution set at any interface requires thagtheisd electric field
be continuous and the normal electric field discontinuity be equal to the surtage density.
The tangential magnetic field is equal to the surface current J, and the n@gmatin
component is continuous across the boundary.

Surface Plasmons are a Transverse Magnetic polarized waves that proptugate at

interface between a metal and a dielectric. For a TM modeFpnity, , and E, exist. In

mathematical form, the electric and mathematical field equationsecdederibed in the
dielectric and metal as:

<0 H,=H . ei(kxdx"'kzd" ut) (7)
Ed = (Exd + EZd)el(kde+kzd' ut) (8)

> O H " - H ymei(kxmx"'kzmj ut) (9)
Em = (Exm + Ezm)el(kmeJrkzm_ " (10)



A propagating mode exists in tkelirection, while an evanescent field exists above and
below the interface. According to the boundaryditbons, the tangential electric and magnetic

fields must be continuous, and z components must be equal:

Exd = Exm (1])
Hy =Hyn 12
6’d Ezd = em Ezm (13)

2.1.2. Conductive and Dielectric Media

The practical difference between conductors, semiethods, and insulators is the energy
gap between the valence band and the conductivee Hdarmetals, the free electrons in the
conduction band are usually considered as a gas spone to the incident electromagnetic
field. For dielectric materials there are no conatuncelectrons available for absorption. They
can support electromagnetic fields and are often cereido have only a real dielectric

constant. This concept is illustrated graphicallfFigure 2.

A Conductive
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Figure 2: Energy gap between the conductive and lence bands of different material types.

In dielectric materials such as air or glass, light cavel without significant attenuation. As
light passes through a material, the electromagnelisfiproduce a polarization of the electron
cloud around the atoms. In a dielectric, this eftecthe whole material is seen as the index of

refraction,n = Ve, with n acting as a proportionality constant that relateséhecity of light in



vacuum to that in the materfalinsulators do not absorb very much of this lossless
electromagnetic energy as it passes.

In a perfect conductor, the electrons would suftefattice collisions and thus all of the
energy would be re-radiated. They would also ogeikamultaneously with a driving
electromagnetic field because there would be no iagtéwrce and no natural frequencies. A
perfect conductor is an idealized material in whiotefectric field is allowed to exist. Electric
fields cannot exist within the interior because toftblels are screened by currents on a
conductor’s surface.

The optical properties of real metals can be expthbyea plasma model. Electrons oscillate
in response to an electromagnetic field, and lossesarisa electron collisions with the
positive lattice background or with crystalline imgations and convert electromagnetic energy
%

into heat. When described as a damped harmonic osciNéh a collision frequency] =

the dielectric function can be written as a functidthe driving frequency and material

constants of the metal( and g):

e(w) = m 14

This term can be separated into a complex number, ichvihe imaginary component describes
the damping associated with absorption of light in catide material.
ew) = e(w) +ie,(w) ()

The absorption of radiant energy varies accordngstfree-electron charge density and the
mobility of the electrons in the metal. Furthermdhere is a frequency response to an applied
electric field due to the finite time required tmliice polarizationl. When the permittivity or
permeability is a function of the frequency, wel taé medium dispersive.

Free conduction electrons have no natural freqesnaihile bounded electrons will have
driving frequencies. The dielectric constant oévmaterial exhibits frequency dependence.
As light passes from a vacuum into a material btitly speed of light is reduced by a factor that
is the reciprocal of the refractive index, where tafractive index in a non-absorptive material is

the square root of the dielectric constant.

c=0=_"0 16)



Energy conservation implies that the frequencygdftlis constant, regardless of the medium.
This requires the refractive index of a mediunmicréase and the wavelength to decrease. Thus,
for a defined length of material, the optical phaages more rapidly.

Surface Plasmon Resonance requires an interfasedm® a metallic film and a
dielectric. The permittivities of these materiate of opposite sign and establish an optical
waveguide. The dielectric constant of a materadibes its ability to be polarized by
electromagnetic waves, but conduction electronssaneening effects prevent this from
occurring in metals. In lossy metals the consieabmes a complex number to describe the

damping factor. A negative permittivity is neceysa establishing Surface Plasmon Polaritons
2.2. Surface Plasmons

Standard optics for metals, semiconductors, andate's is based on the assumption that
only transverse electromagnetic plane waves prapagahe material. In metals, the motions of
electrons are modeled as free particles with adrackd potential, this is known as the Drude
Model. At certain frequencies, coulomb interactitbetween electrons of metals result in charge
density buildups, which are the longitudinal plasmzves first discovered in the 1956%1t
became apparent at that time that plasma wavesdsheuncluded in metal optitsbecause of
deviation from the Fresnel equatiéﬁmat results in diminished reflectivity when plasmaves
are excited. Increasingly conductive metals héagEer resonance peaks because of less
damping. Metals that show particularly strong plas peaks are the noble metals (Cu, Au, AQ).
Optical absorption occurs at depths as far as aklrendred angstroms, but the electrons excited
near the surface have a higher probability of ¢buating to photoemission. Thus, for optical
devices, thin layers of noble metals can be engatket® display interesting optical properties.



2.2.1. Volume Plasmons and Surface Plasmons

Both volume and surface plasmons can be excitddadipt’* and these waves were first
detected in 197¢" > However, the probability of exciting volume plasms with photons is
small for visible light due to short penetratiorpthes of metals, and particle excitation is instead
used. In electron loss spectroscopy experimesguss nioving electrons are driven into thin
metallic films. A space charge of finite densignduild up, and the gradient of the electron
density causes restoring forces to push the migfetrens along the direction according to the
frequency of the light. These are longitudinalgignoscillations of the electrons, or volume

plasmons, as illustrated in Figure 3.
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Figure 3: Volume plasmons are longitudinal electro density fluctuations in a metal film.

For bulk (or volume) plasmons, the plasma frequarswyllates according to the free
electron density and effective mass. When theugaqy of excitation is greater than the

plasma frequency,

w = 4 a7
m,

the metal becomes transparent. At frequenciesrltdvem the plasma frequency, a propagating
transverse electromagnetic wave is forbidden anevanescent wave is generated. In this
expressionn is the volume electron densig/is the electron charge, and is the mass of
electrons.

Surface plasmons behave differently than volumsmtans due to imposed boundary
conditions at the interface. A polariton is a doupbetween a photon and an electron. Surface
Plasmon Polaritions are transverse electromagwetve coupled to oscillating electrons at the
surface of a metal. Using the Maxwell’s curl egoafor H in both mediums, the condition for
Surface Plasmon coupling can be found:

Kam = Kaa

zm —
ed
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When incident light strikes the boundary of a saliin angle against the normal, it has &Bn
component normal to the surfaaal(rection). The electromagnetic fields are ataximum at
the interface, and decay exponentially away froensitrface4 direction). The surface waves
are by their very nature polarized propagatingtligh they must be excited by Transverse
Magnetic waves, go-polarized light. In the case of light incidemta angles-polarized light
means that thE vector is parallel to the plane of incidence, @pHpolarized light is

perpendicular.
2.2.2. Optical Excitation of Surface Plasmons

Surface Plasmon Polaritons were first observedshdlectron energy loss experiments and
later by losses in optical reflection intensityagtmons can be excited optically on planar surface
or in confined spaces on the order of the wavelengincident light. Planar surfaces provide
translational invariance that allow for propagatsugface plasmon modes. Propagating modes
are characterized by their propagation distancegaiioe surface, the penetration into the
surrounding medium, and the penetration depththreanetal.

2.2.2.1. Propagating Surface Plasmons

The first experimental observation of light exatatof a metal surface was made by
Wood?® In his experiments, white light passed throughesallic grating and a significant
amount of light absorption was observed for ceri@quencies, as evident from the diffraction
pattern. He also noted the polarization dependehtansmitted light. “Polarization proved to
be the key to the explanation of the very singuidravior of the grating of which | am writing.
Experiment proved this to be the case, for it veamfl that the singular anomalies were
exhibited only when the direction of vibration watgight angles to the ruling.” The light was
coupled to the surface when tBdield had a perpendicular polarization to the rlietadges.
This is an example of using a grating to genenatfase plasmon waves.

Surface plasmon polaritons occur at the interfatevden a metal and a dielectric material in
which the real part of dielectric constant lessitharo. There are two methods of generating
addition momentum for surface plasmon polaritonptiog: attenuated total reflection or
through grating couplers. Wood illustrated onehrodtof generating surface plasmon
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absorption, through a grating coupler. Anotherhradtof doing so is through attenuated total
internal reflection. Attenuated total reflectioRTR) provides the external radiation with an
imaginary wave vector in the direction perpendictdethe surface.

Surface plasmon resonance is a momentum couplimgeba the electrons at the surface of a
metal and the incident light. Coupling light t@timetallic surface at certain frequencies gives
rise to a partial absorption of that radiation.e Wmave-particle duality allows us to examine the
wavelengths associated with photons and electr@described by the de Broglie postulate. The
de Broglie relations state that the wavelengthgbitlis inversely proportional to the momentum
of a particle (Eg. 19). Since the momentum is propnal to the mass of a particle, the
wavelengths associated with electrons are conditjeshorter than photons. When the
momentum of the photons and electrons are matehectromagnetic coupling can occur.

Fundamental to understanding Surface Plasmon Reseigthe dispersion relation,
which states that the medium of travel directlyedatines the momentum of the wave (Eq. 20).
The wave number for light propagating in a dieleatnaterial and the surface plasmon wave
along the boundary of a metal and dielectric afaneé by the real part of the dielectric
constants at the boundary (21a & 22b).

_h 19

p
k> =wme (20)
Koo == €4 @)

Ky, = W €nCs 22)
c\e, +e

A graph of equations 21 and 22 in Figure 4 showttiewave number for the surface
plasmon wave approaches the light line at skydut they do not intersect for vacuum or air.
At a given photon energy, the wave vector has tmtreased by a certain value in order for the
electrons to absorb the photons. The reasontibaétlines never cross is due to the fact that the
real part of the dielectric constant of a metallvgays less than -1. The resulting plasmon curve
becomes an increasing quadratic function that &mees 1 at infinity. Plasmon coupling is
possible by slowing the momentum of the incidegtitliwave. This is achieved using materials
with higher refractive index.

12
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Figure 4. Dispersion relation shows a momentum misatch between incident light and surface plasmonsta
the boundary of a metal/air interface. This can bevercome through the use of a glass prism.

Kretschmann and Otto proposed ways of excitingsthitace plasmons optically by using a
high index prism in an attenuated total reflectonfiguration, as illustrated in Figure 5. When
light strikes a prism, it is split into its wavelgth components due to chromatic aberration. The
ingenuity of this approach is to analyze khector by Cartesian coordinates. When light stk
an interface at an angle to the normal, the eteatrd magnetic waves can described in terms of
a magnitude and a momentum vector:

k=X, + ¥k, +%, @3

Under the total internal reflection condition, apagating wave is generated along the
interface of the prism. The continuity equationsvriactor in with matching electric fields in
thex direction on both sides of an interface, and matcmagnetic fields in thg direction.

These conditions establish an evanescent wavedials exponentially to the surface normal (

direction).

—_—

ke

Figure 5: Kretschmann and Otto configurations foroptically exciting surface plasmons. Kretschmann sed
a thin film deposited directly onto the prism, while Otto allowed a small air gap between the prism aha thin
gold film.
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By sweeping the incident light through differengbas of incidence, an evanescent wave can be

generated, as described by the following equation:

K €,...Sing 29

evanescent” glass

At a certain angle beyond total internal reflecti@m evanescent wave can couple into a
propagating surface plasmon wave. This coupling lma observed as a dip in the reflection
intensity (Figure 6).
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Figure 6: Reflectance curve of a thin film in theKretchmann configuration, reproduced from [17].

2.2.2.2. Localized Surface Plasmons

Attenuated Total Reflection as a method of gensgagurface plasmon waves is difficult to set-
up experimentally, and the detailed spatial resmius limited. Localized Surface Plasmons can
be generated for normally incident light for madésiwith limited spatial dimension. The
momentum matching conditions necessary for gemgratiopagating Localized Surface
Plasmons are generated due to random scatterimgseatea roughened surface. For example,
shining light into a solution of colloidal metaltgres generates random scattering in which a
certain portion of the light is incident at thearance angle. Fixed particles and films with
constrained dimensions can also generate LocaBrefdce Plasmon modes. These effects are
determined by the periodicity of the structuresat&ring events can be treated by a variety of

modeling techniques, which will be discussed irtisa.4.
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2.2.3. Fabricating Plasmonic Structures

Metallic nanostructures can be generated in sugpens on the surface of a substrate.
Suspended nanopatrticles are fabricated by cheneidattion of metal salts in the presence of a
surfactant or template. This can also be useldeafirst step in generating core-shell particles.
Nanostructures on a substrate surface are cregt@a@dmbination of lithography techniques and
physical methods such as metal evaporation inawa¢® This section explores three of the
many surface fabrication techniques that can preducface-bound plasmonic structures:
Focused lon Beam Lithography, Electron Beam Lithpby, and Nanosphere Lithography. Our
lab group has employed Nanosphere Lithography acdged lon Beam lithography in our
experiments, and Electron Beam Lithography is diesdrdue to its established potential. Other
emerging nanolithographic techniques include napdiming methods such as Dip-Pen
Lithography and Imprint Lithography as well scarqprobe-based methods, but they are
omitted in this review.

Electron beam lithography has been the standanmbagip to making nanostructures, in
which a thin layer of photo-resist is exposed &r&bns, and then a chemical development is
performed. Focused lon Beam lithography is a rieleveloped method of creating various
patterns on-the-fly. Both Electron beam lithognaphd FIB lithography are expensive, serial
methods. A parallel processing method is to ufieidal particles as deposition and etch masks
in Nanosphere Lithography.
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Focused lon Beam

A Focused lon Beam can be scanned along the sameiiher sputter atoms from the surface or
cause decomposition of an organic vapor on theserbf the substrate (subtractive or additive
lithography). A liquid metal ion source is usedjenerate a stream of ions that are accelerated
to tens of kilo electron volts and focused ontottrget surface using electrostatic lenses. The
beam current and exposure time can be optimizeedidn material and thickness, but charging
effects on insulating materials can sometimes cthesbeam to drift. Gallium is the typical
metal because it is liquid near room temperatéi@used lon Beam can sculpt features of any
specification. Features such as slits, isolatetighes, and even 3-Dimensional shapes can be
fabricated. The surface is modified point-by-ppwmhich is a slow process. A computer
interface (Figure 7) allows the user to specifyaRact features. Many of the studies produce a
square array of holes and ellipses for ease inenadtical analysis.

User Interface
— ]

Figure 7. Typical Focused lon Beam System. Usertierface and lon column are indicated. Image reprodoed
from JEM-9320 FIB manual.
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Electron Beam Lithography

Writing with electron beams to produce small feasunas been used for a long time and
is based on the technology developed for Scanniegiién Microscopy. The beam diameter is
about 10 nm, and the intensity profile is a Gausb@am. They are focused by a series of
magnetic lenses and apertures. The systems asglactrostatic plates or magnetic deflection
coils to deflect the beam and correct for astigsmati One deflector within the electron column
is used to blank the beam on and off at the ap@teptimes while a second deflector is used to

scan the beam across the sample.

1 4
Spin Coat .
100 nm PMMA Metal Depositior
Y Y
z £
E-beam Exposure Liftoff
Y
2
Development

Figure 8: Fabrication process in Electron Beam Lihography.

Electron beam scanning is limited to small distarshge to aberrations and distortions
introduced by the deflection fields. The genedaki of decreasing wavelength and increasing
numerical aperture has proved successful but atdseof decreased depth of focus (DOF):

05/
+
(NA)*

DOF = (29

More stringent requirements on planarity and wl&tness are necessary, leading to nanometer
scale flatness necessary for substrate expo3uBéll, the major drawback of e-beam

lithography is the serial nature of feature prooturct
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Nanosphere Lithography

Nanosphere Lithography uses colloidal spheres |lyqualystyrene or silica, as a
deposition or etch mask. Colloidal dispersionsusgally prepared by emulsion
polymerizatior?® and colloidal spheres can be used for a wide tyanfeapplications?
Polystyrene spheres are usually synthesized iprésence of surfactants, but surfactant-free
polystyrene spheres have also been synthe&iz&tiey were first used as a deposition and etch
mask in a process referred to as natural lithogrdpfr and they can also be used directly as a
lithographic mask® Nanosphere Lithography is the more recent terad ts describe the use of
natural lithography in fabricating materials withgeneered optical properties. The term was
coined by R. P. Van Duyne’s research group, in tvkiiey characterized the optical filtering
properties of Ag nanoparticles on mica substrétés. Since that time, a variety of structures
have been fabricated using angular depositionby modifying the process to obtain rings,
pillars, and spike¥’ 3* Double-layer crystals can also be formed thresgjfirassembly in a
pattern of either farther spaced hexagonal arrais @ square lattice structufe.Randomly
dispersed spheres generated through NSL can alsselid for fabrication of nanoholes of
various diameters in optically thin filni3. Figure 9 illustrates the major steps of Nanospher
Lithography: the self-assembly of spheres, a metdéposition, and a liftoff. Several variations

can be applied to this method to achieve a diftemegtallic thickness and periodicity.

d & & & & =
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1 pm ¢« & & 8 «10pm

2D crystal Shadow mask Chemical Liftoff

Figure 9: Steps involved in Nanosphere Lithography A) Assembly of a 2-dimensional crystal of sphes, B)
Spheres are used as a deposition mask for a metallayer, C) Periodic patterns are revealed after hemical
liftoff using dichloromethane.

18



2.2.4. Diffraction & Scattering Effects

Much of the past experimental data for simple nseapply the Drude model, which treat
the electrons as nearly free but experiencing smiiisions. The Drude model is a reasonable
basis for predicting the classical optical promsridof metals at frequencies below the threshold
for interband transitions. The Drude model dé®sithe conduction of free electrons as having
a damping force proportional and opposite in dicgcto the motion of the electrons. The
plasma frequency depends on the average densibndiiction electrons, the mean scattering
rate for these electrons, and the core polarizglifithe ions*

When the film is made extremely thin, the optiedponse of noble metals is further
complicated by interband transitions. At energiesve the Fermi band, photons can be
absorbed and re-emitted. Figure 10 shows thevelatinsmission of light in samples between
25 nm and 100 nm in thickness. There is an intdnge-off of transmitted light after the

penetration depth is exceeded by several orders.

Transmission Spectra
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Figure 10: Increasing thickness in gold films showhe rapid drop-off in transmission intensity for beyond
50nm. The green plot () shows the drastic change when a thin layer of comium (2.5nm) is introduced for
better surface adhesion.
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The Drude model for free electrons in an ion gadehbas limitations in calculating the
plasmonic response of noble metals due to absarpton interband transitions from the
outermost d orbital to the next sp orbital at isind ultraviolet frequenciés. Therefore, a
modification is made to account for this suscefptybi

1st term= Drudefreeelectron

o) = 1 w, £ ) , = bulk plasmorfrequency
T W +img, ierband o = bulk collisionfrequency

(' )interbang = INterbandrans.

(26)

Interband transitions are an additional electrecsptibility that changes the dielectric
constant, ( ). Noble metals have incomplete bound electrofisstend variations in the
configuration of these shells allow for low-enerxcitation by optical (Au, Cu) and infrared
light (Ag). If a metal has a particular colorjntlicates that the atoms are partaking of selective
absorption by way of the bound electrons, in addito the general absorption characteristic of
the free electrons. In gold, the outermost (68)l stnd the next-inner (5p) shell has a small
energy difference (1.8 eV). Alterations between3t¥6s” and 5d%s configuration allow gold
to absorb blue light and, thus, look yellow. Siliseunable to absorb any light in the visible
spectrum and appears totally reflective.

For periodic structures, such as perforated tihamsfiand small particle arrays, the
wavelengths approximately equal to the feature sizes @). Periodic patterns and geometries
at this scale can alter the local electromagnetids at the interface and yield different optical
effects. Consequently, the absorption and emisgiectra from a small particle can have
features where none exists in the bulk. The dieteftinction of metal particles is dependent not
only upon the frequency of incident light, but 8iee and shape of the small particles and the
arrangement of other nearby metallic particles.uBglerstanding diffraction and scattering
theory well as additional boundary conditions toxMall’s equations, we can better interpret the
events occurring at this scale.

Scattering of electromagnetic waves were firstisidver 100 years ago by Lorenfz,
Mie,3” and Debyé® When the radius of particle is much smaller thaRayleigh scattering
occurs and quasi-static calculations can be ubedther words, the spatial variation of the
electromagnetic field is neglected while the temapdependence is preserved. The limited
mean free path of the electrons is the most impoféetor leading to modifications of the

relaxation timeplasma frequency, optical constant and dielectitstant. By the increasing of
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the particle diameter from/L0) , the relaxation time increases rapidly and thel&gly
approximation can no longer be used. The strustiafgricated in this work are of comparable
size to the wavelengths of optical light, so Miedty is an appropriate model to consider.

Exact solutions for the optical properties of met@hostructures can be obtained using Mie
theory, whose formulations are derived from Maxisetquations. The scattering of light by an
isolated sphere was treated with appropriate bayratanditions. Mie and Debye approached
the problem of spheres suspended in a homogenadisrmewhere it is assumed the spheres are
far enough apart that the scattering is incoherbfié studied the color of light scattered from an
isolated sphere, while Debye considered the raxtigiressure of light. The solutions are still
relevant today, and they are often cited in thezdiure.

Application of Mie theory requireg and m( ) be specified for a given particle size,
either as experimental values or as numerical aopations. Mie theory uses spherical
coordinates to more easily input boundary condgionlf an electromagnetic plane wave is
incident upon an isotropic sphere, there will battered electric and magnetic fields outside the

sphere as well as transmitted fields inside thesp(Figure 11).

E)= r'liw b 0,m)” R [ nNY @]+ by, (MR ()Y () @7)
B = be (1, M| (k1Y () - 'n—cw by (.m)” R [ (kn)Y(P)] 28
E0= ;iw g 0,m)” K [i20an)Y ()] + g5, (LM i)Y () @9
8= g (.Y ()] - ;iw g (m)” R [ r)Y(P) 30)

Figure 11: Scattered and transmitted electric andnagnetic fields. Reproduced from [39].

Boundary conditions are introduced by equatingdingential components of the inner and outer
fields at the interface between the two media,thedsolutions for the fields are expressed in a
series expansion of vector eigenfunctions (g, ) that form a complex set. When discussing
the power removed from the incident beam, efficyeflactors are used. Efficiency factors are

21



unitless quantities that quantify the loss duéhogolarization of the incident wave and the
geometry of the particles. The efficiency factlansscattering, extinction, and absorption are a

function of the nanoparticles cross-section anategh the following way:

2 ¥
Qscattering = 2.2 (ZI +1)th (I,m)|2 +|bM (I!m)|2] (3])
ky;a® |4
2 ¥
Qextinction = 2.2 (2| + 1) Rd:bE (I ’ m) + bM (I ’ m)] (32)
kz a =1
Qabsorption = Qextinction - Qscattering (33)

Figure 12: Mie efficiency factors for scattering, &tinction, and absorption, are the corresponding coss
sections divided by the projected area of the scatting spheres (a2).

The terms in the summation fQy, and Q, represent the electric and magnetic

cattering xtinction
multipoles. For example, the term for 1 represents a dipole. Théerms are Bessel and

Ricatti functions that depend on the index of retfim of the material. Small particles have
been found to show a Mie resonance not found ik imdtal. In bulk gold, the conduction-
electron mean free path at room temperature isoappately 42 nm. In the size regime below
the mean free path of electrons, dipole plasmoarabien is the dominant contributor to the
extinction spectra. With particle diameters gretitan 50 nm, the effects are purely
electromagnetic and involve contributions from leigbrder multipoles . When the mean free
path is satisfied, the plasmon resonance broadewela The solution of Mie was derived for a
single sphere, and it can only be applied to maimees if they are all of the same composition
and they are randomly distributed with separatigtadces that are large compared to the
wavelength. Our samples due not match this ciitegicause there is coherence in the scattered
light from the periodic holes.

Approximations to Maxwell's equations are employedolve for complex shapes. One
approximation method of analysis is the dipole agination, as illustrated in Figure 13. The
oscillation of conduction electrons, driven by #lectromagnetic field of light, produces
oscillating dipoles along the field direction ahe electrons are driven to the surface of the

nanoparticles.
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Figure 13: Dipole Approximation of a metallic nangarticle in which electrons oscillate parallel to he
electric field. The periodic arrangement causes ettromagnetic coupling between the particles.

The Discrete Dipole Approximation was first propoée the early 1970°8 and is used by the
Van Duyne group to analyze periodic nanopartickssegated through Nanosphere Lithography.
It is a numerical approximation to Maxwell’'s eqoais and is used to calculate Mie efficiency
factors for particles of arbitrary shape. Dipolpede interactions are also taken into account,
which have length scales that can extend for seliaradred nanometers. This method could be
very useful for our structures if it is adaptecatwount for potential propagating modes in the

veins between our apertures.

2.2.5. Optical Tuning

Interest in research and commercial applicatiomaetfllic nanostructures has coincided
with advances in colloidal science, Localized SeefRlasmon Resonance (LSPR) technofdgy,
and Surface Enhanced Raman Spectroscopy (SER$)ble metals (Au, Ag, Cu) have a
particularly strong SERS response due to resor@itab excitations of the electrons, and the
spectral characteristics correlate with shape,ameperiodicity arrangements as well as the
dielectric environment. Size dependence of thiasarmplasmon resonance comes from the size
dependence of the dielectric constant,of the metaf® Plasmon absorption peaks can be
optimized for a number of alkali and noble met#isFor values of)..greater than 1, the
particle is able to scatter photons which are dettiie physical cross-sectional area of the

particle.
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Table 1: Scattering efficiency values for the maximm peak absorption in different sized gold particls.
Reproduced from [45].

Calculated Light Absorption and Scattering Properties for Gold Particles of Different Sizes

Dia (nm) Amax (NmM)? Con (cm?) 1,(0) 1;,(90) e M™'cm™) @ Qe
20 535 8.36 x 101 1.77 0.882 1.57 = 10° 0.014 0.027
40 535 6.05 x 107'? 129 63.9 1.63 x 10" 0.1 0.482
60 545 6.33 x 107" 1.35 x 10° 668 5.32 x 10'° 0.313 2.24
80 555 2.31 x 1071° 4.97 % 10° 2.44 % 10° 1.14 x 104t 0.546 4.6

100 575 4,56 x 1071 9.84 x 10° 4.83 % 10° 1.62 x 10! 0.739 5.81
120 605 6.9 x 1071 1.48 x 10* 7.32 % 10° 2.07 x 101t 0.876 6.1

140 635% 8.79 x 1071 1.89 x 10* 9.4 x 10* 2.46 x 101! 0.94 5.71
160 665 1.02 x 107° 2.22 % 10* 111 % 10* 2.8 x 10! 0.963 5.09
180 560 1.16 x 10°° 2.5 % 10* 1.27 x 10* 3.14 x 10! 0.974 4.56
200 565 1.38 x 10°° 7.53 % 10* 1.86 < 10* 4.51 x 101 0.788 4.39
300 565 2.94 x 1077 1.7 x 10° 3.82 x 10* 7.98 x 10" 0.968 4.16

“Wavelength of the maximum peak of the scattering cross section vs wavelength graph in the wavelength range 380-700 nm. Entries in
=3 =4 (=Rl =t =1 =)

all columns of the same row are for the maximum peak wavelength.

? For diameters greater than 140 nm, two peaks appear in the light scattering spectrum. See Fig. 6b. Data are tabulated at the wavelength
of the most intense peak.

Note. C,. Light-scattering cross section. [,(0) and I,(90), Scattered light intensities measured at 0 (forward) and 90° with respect to the

sca (= (=] u u (=]

direction of an unpolarized incident light beam. e(M~' em™'), Molar decadic extinction coefficient. ¢,, Light-scattering yield defined by Eq.
[17]. Q... Scattering efficiency defined by Eq. [14]. Medium refractive index = 1.33.

In the case of noble metals such as gold, therenaréypes of contributions to the
dielectric constant of the metal: One is from tieerr d electrons, which describes interband
transitions (from inner d orbitals to the conductiand), and the other is from the free
conduction electrons. The latter contributionésatibed by the Drude Mod®which was
developed to analyze simple metals.

In bulk metal, the damping constant is due to ebectlectron scattering and electron-
phonon scattering. This scattering produces a dayierm that is inversely proportional to the
particle radius r. In small nanoparticles, scatteof electrons from the particles boundaries
(surfaces) also become important. The dependdribe damping term on particle size
introduces the size dependenceqin For larger-size nanoparticles, higher-order ghatoud
distortion of conduction electrons becomes impdrta#s the particle size increases, this has a
pronounced shift of the plasmon resonance condition

The position and shape of the plasmon absorptiod Hapends on the dielectric constant

q of the surrounding medium, as the resonance dond# described by, = -2 g.
Electromagnetic field interactions between periatid isolated particles show a high degree of
sensitivity to the surrounding dielectric envirommevhich has found immediate application
biochemical sensiffgand have also incited interest for their poterat&@bptical switches and

waveguide§®
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2.3. Surface Plasmon Resonance in Biology

In propagating plasmon wave, the photons and elestare completely confined to the
surface, but energy can leak into the periphergdmerating an evanescent wave. The field
distribution in this (classically forbidden) regidecays exponentially into the medium of lower
refractive index from the boundary of the guidiegion. In Localized Plasmon modes, the
surrounding dielectric media influences the scamteof electromagnetic waves from small
features. Gold thin films and particles are usedtnn the biological environment due to their
inertness, stability, and optical propertfésThis section discusses the applications of gold
nanostructures in biological and chemical sensing.

2.3.1. Biochemical Sensing

Optical absorption in metallic nanostructures caubke surface state of the metal to be
highly sensitive to adsorbed contaminafit&kesearch in this area can form a platform for new
applications in chemical and biological sensingrf&e plasmon resonance spectroscopy is a
useful technique for studying antibody-antigen, DRANA, DNA-protein, protein-protein, and
receptor-ligand interactions. This is a well ebshled technique that uses the traditional method
of Attenuated Total Reflection to excite plasmama icontinuous thin film. Typically, the
penetration depth for visible light on a gold sugas between 50 and 100 nanometers. Protein
adsorption and desorption studies can reveal sutbtlemation about the conformations states of
proteins that directly affect binding kinetits.

Optical sensing can take place through direct adoieéct methods. Direct biosensing
measures direct antigen/antibody binding withoabadary labels. Indirect sensing uses labels
that are attached to the analyte of interest, asdtuorescent or luminescent molecules. One
challenge in SPR sensing is in measuring dissoaattes when while high affinity interactions.
However, using low affinity receptor-ligand pai@ndead to non-specific binding that corrupts
the data.

SERS biosensors have been fabricated by Nanoshitieography>? although most of the
studies with metallic nanoparticles have used sie to its sharper resonance peaks. There is

a smaller body of research that uses gold partprieisably because the SPP resonance has a
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very broad feature in the blue/green part of theespm. Hence, there is a need for careful
detection of the subtle resonance curve.

2.3.2. Cell/Surface Interactions

Cell/substrate focal contacts take place betweenbrene integrins and surface peptide
sequences. They can bring the cell membrane as ak10 nm to the substrate surface, while
most of the membrane remains between 100 and 15boxre the substrate. Measuring
cell/substrate distances can be performed thraughférence reflection microscopy (IRM), total
internal reflection fluorescence microscopy (TIRElsiyd more recently, surface plasmon
resonance imaging.

Several integrins are involved in focal contactrfations; however, the mechanism of
integrin migration and clustering at the leading aga mobile cell is still largely unknown.
Evanescent wave excitation and surface plasmordisasesing offers promise in unraveling the

mysteries of contact formation.

Transmitted Spectrum

EM Probe
Cell Membrane /F’:—*ri::tli: Manastructures
AuThin Eilim _\._._ﬁ /_\

Glass Coverslip

Mormally Incident White Light

Figure 14: Plasmon based cell surface sensing ugiperiodic nanostructures fabricated in thin gold fim.

Evanescent wave excitation can also be used fordfcence sensing with high near
surface selectivity? The evanescent wave energy can be absorbedinyraghore to generate
fluorescence emission, which is then used to inflageescently labeled biological targets.
Because of the short-range exponentially decayatigra of the evanescent field, only the

fluorescently labeled biological specimen neardhlgstrate surface generates fluorescence and
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can be thus imaged. This allows TIR microscopgtitain a high quality image of the
fluorescently labeled biologic material near thdaee with very low background fluorescence
and minimal exposure of cells to light in otherrga:®

2.3.3. Cellular Microscopy

Surface Plasmon Microscopy was first introduceld88 using ATR excitation of a thin
gold film.>® The scattering and surface chemistry properfigmlol nanoparticles also make it
an ideal candidate for cellular microscopy studi8srface Plasmon Resonance has been used to
help determine the protein structurésnd SERS of gold particles can be performed within
single living cell®® SERS is a fresh alternative to quantum dot etkoita Quantum-dots are
useful due to their size-dependent fluorescencpgties, but the potential toxicity of the
semiconductor materials is a major problem.

There are also several research efforts aimedshiimy resolution into the low end
nanometer range. Obtaining higher resolution énféin-field is limited by diffraction and the
uncertainty principle, which allows the resoluttorbe approximately/2. Immersing the lens
in a higher index of refraction material can furtbehance resolution, but most of the sub-
wavelength information is obtained through neadf@ptics. Near-field microscopes are not as
easy to use, and images are obtained through pgiptint scanning® The concept of a perfect
lens based on materials with a negative refradctilex (negative permittivity and permeability)
may offer sub-wavelength resolution by preventmgses of evanescent energy. In plasmonics,
recent experiments have also revealed the poterttitectional steering of a beam of light
using periodic corrugations, such as the bullsieygge in Figure 15. Appropriately shaped
dielectrics on the surface can also potentiallyaach magnifying mirror that can enhance the
surface resolutiof’
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Figure 15: Bulls-eye pattern with a single hole smounded by periodic corrugations. This structure can
exhibit beam steering effects and reduce the diffiction angle to within 3° from center. Analysis taken from
[61].

Far-field imaging of DNA, protein molecules, anduges could be invaluable to the medical
imaging community. Tracking these molecules thiodiferent cell cycles can provide greater

understanding of their roles in normal cell funotend disease progression.
2.4. Applications in Cancer Research

Incorporating nanotechnology into cancer biology imxolved two major fields:
nanovectors for administering therapeutics and ingagystems, and the precise patterning of
surfaces. Patterning technology offers the paéfdr advancements in early detection and
diagnosis of disease based on its ability to deeetific molecular signals and biomark&rs.
Some of the developed patterning features inclas®wires’> nanocantilevers, and nanotubes.
Gold nanoshells can also be used to ablate tunfisr®¢eNanoholes are another pattern feature
that offers promise in sub-wavelength biosensifigmor cells have many mutations in genes
encoding for cytoplasmic signaling molecules thatify cell growth and adhesion. Rho
GTPases have a major role in locomotion throug thedulation of the actin cytoskeletén.
Understanding the participation of these protamsimorigenesis can be aided by plasmon
enhanced cell surface studies. Tumor markers beee detected based on spectral shifts in
transmission peaks using random arrays of nanafidles
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Chapter 3
Materials and Experimental Methods

We began our research with the hypothesis that $j#reve Lithography could be used
as a high-throughput alternative to the fabricaterhniques of Focused lon Beam Lithography
and Electron Beam Lithography. The literature $tamwn electron-beam lithography to be the
most versatile method of fabricating these nanogiras, but the cost per sample has still
limited widespread applicatidi. In this work, several experiments were perforteed
manipulate the self-assembly process and improtterpang results for NSL. The sections
within this chapter describe our initial experinmgeint variations of the drop-coat method and
spin-coat method, the self-assembly phenomenonthenchethod of directed self-assembly.
Directed self-assembly is a way of manipulatingehgre drop of solution and allow the spheres
to self-assembly in desired locations. The ovEefalirication techniques of Focused lon Beam
milling and Nanosphere Lithography are also dafaileocused lon Beam was used as a

comparative tool for Nanosphere Lithography to geteesimilar structures.
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3.1. Materials

Polystrene Spheres

We mostly used 1m polystyrene spheres to study and improve theipatiy method of
self assembly. Spheres were ordered from sevigi@lesht companies in a variety of sizes and
concentrations, as illustrated by Table 2. Theceatration of the spheres in solution ranged
from 0.1% up to 4% weight by volume. Ted Pellaves low concentrations of spheres for a
cheap price ($15.00/10mL), which allowed us to tlestviability of a variety of different sphere
sizes. When using a high concentration of sphéaster patterning can be achieved; however,
we found it very difficult to produce monolayer stals with a 4% solution. When using a 2.5%
concentration, monolayers could be produced camigt but defects covered a greater

percentage of the patterned surface.

Table 2: Polystyrene spheres were purchased fronegeral different companies. The spheres were used
without any further dilution.

Company Sphere Size Quantity Weight Website
by Volume
Corpuscular 600 nm 10 mL 2.5% http://www.microspheres-
nanospheres.com
800 nm 10 mL 2.5%
Polysciences 600 nm 15 mL 1% http://www.polysciences.con]
790 nm 15 mL 1%
Invitrogen 500 nm 15 mL 4% http://www.idclatex.com
(Interfacial Dynamics) im 15 mL 4%
Duke Scientific 1 m Green 15 mL 1% http://www.dukescientific.com
1 m Blue 15 mL 1%
260 nm 10 mL 0.1%
Ted Pella, Inc. 300 nm 10 mL 0.1% http://www.tedpella.com
490 nm 10 mL 0.1%
1.08 m 10 mL 0.1%
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Drop size and the percent weight of solids shoeldftimized for each experiment. A
1% weight by solids produces the best monolayé@&iiected Self-Assembly, but a higher
concentration can produce better results in Spiati6g. The particle count in each drop
depends on the size of the spheres and the peveggiit. For a fixed concentrations of 1%, the
total monolayer packing area increases as the desnsereduced to a smaller sphere size. The
following equation (Polysciences, Inc.) can be usechlculate the number of particles per mL.:

w102 w =gramsof polymer/mL(0.01for 1%)
Particles/ mL:\,Niz%f3 f =diametenof latexparticle ns) 39
rp r =densityof polymer(1.05g/mL)
This equation can be used to calculate the oveadtérning area achievable if every sphere were
placed down in a monolayer form. The calculatimese performed for a drop size of 0.7,
which we used consistently in our procedure. Weaszhieve millimeter sized patterns of
monolayers for various sphere sizes.

Table 3: Particle count and patterning area achieable for a fixed concentration of 1% weight by volune.

Pattern Area of Polystyrene Spheres (1% wt. solids)
Sphere Diameter (nm) Particles/mL (1% solids) Partiles/Drop (0.7 L) Patterning Area (mm?)
200 7.14E+12 5.00E+09 14.14
350 1.33E+12 9.33E+08 10.69
500 4.57E+11 3.20E+08 8.94
750 1.35E+11 9.48E+07 7.30
1000 5.71E+10 4.00E+07 6.32
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Substrates

We first experimented on clean glass slides, whiabuld be soaked in a piranha solution
for at least 20 minutes. Piranha solution§8, and BO,, 3:1) removes any organic material
from the service and creates a very hydrophilissabe. A hydrophilic substrate is
advantageous in our experiments by providing a sergll contact angle. This allows the
spheres to nucleate at the edge of the meniscaklguin some of the early experiments, a
hydrophilic substance was also useful in the dregt-and spin-coating methods because it
permitted the solution to uniformly cover the glassface and allow for a more even deposition
of the spheres. In our later experiments, thergshsere patterned on either a photoresist
protective layer or directly on the gold surfaéxposing the gold surface to a UV lamp for at
least 20 minutes improves the patterning qualityijevthis has no effect on the photoresist
substrate.

3.2. Self-Assembly Experiments

Self-Assembly Phenomenon

Self-assembly is a process in which the forcesraperation and electrostatic repulsion
between colloidal spheres guide the arrangemesplugres into the lowest energy state
available. In this natural process, colloidal spkeself-assemble at the meniscus of an
evaporating solution due to capillary forces. erat capillary forces are due to the overlap of
menisci formed around separate particles attaahad tnterface. Capillary forces, Brownian
motion, and electrostatic repulsion all contribigt¢he final organization of the spheres into
arrays, as shown in Figure 16. Attractive lateegdikary forces cause 2D aggregation and

ordering in a wide scale of particle sizes: fromnidown to 1 nm.
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Figure 16: Forces driving self-assembly of nanosjgines. Water evaporation creates lateral capillarydrces
that draw the spheres together.

The first requirement of self-assembly is the naitten of a crystal. From this point,
crystal growth takes place through immersion latesipillary forces. The capillary forces
present relate to the position and shape of theacbline and the wetting properties of the
substrate. During evaporation, local sphere dgphiinges in the solution, fluctuations in
humidity and temperature, and the lack of a guidipgaratus become major problems that
render many areas of the substrate useless. {Iinsstiefects are a regular occurrence in this
type of self-assembly. The distance between defaqiolystyrene crystals is typically on the
order of 10-20 sphere diameters.

Self-assembly occurs at a receding meniscus ofjaacas colloidal suspension. An
optimal balance of physical and chemical forcestrhasnaintained to produce a two-
dimensional, defect-free crystalline structure.isTusually requires a hydrophilic, smooth
substrate, which can limit the possible applicagiohthe technique. Theoretical and
experimental studies of nucleation and growth dysigrene crystals were performed in the
early and mid 1990'’s that allowed several pattermirethods to be develop& Several
researchers have attempted to reduce defects &yngeemperature and humidity controlled
environments, angling the dr8pspin-coating, by creating Langmuir-Blodgett filfigr by
controlling the recession of the meniscus lthelwo-dimensional crystals can also be aligned in
solution by AC fields’?

Two of our initial experiments in using colloidé&hlography were in the Drop-coat
method and the Spin-Coat method. A fundamenta¢rstanding of the nature of Self-Assembly
was gained through these studies, but the expetain@sults were not reliable in producing
consistent substrates. Directed Self-Assemblyncaintain precise control of the deposition and
quality of the assembled monolayer crystals. Wedlifieal this technique to produce consistent
substrates with apertures in a grid-like microgtitee The experimental methods for these

techniques are described in the following sections.
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3.2.1. Drop Coat Method

The simplest method of producing a self-assembledatayer of spheres is to use the drop-
coat method. By placing a small drop (1-BPon a substrate, ambient conditions will cause th
solution to evaporate from all sides. When tHestate is hydrophilic, the drop will have a
small contact angle. Evaporation at the edgeBentitop creates lateral capillary forces, which
causes the dispersed colloids to flow towards itess When the diameter of the spheres is
comparable to the meniscus height, Van der Waates$gpull the spheres to the substrate and
they pack in aggregate or polycrystalline formthalgh the patterning is random by nature,
certain parameters can be controlled to reducetllayar stacking and line defects. Angling the
substrate is one way of improving packing ordehisEtretches the drop due to the weight of
gravity and causes a receding meniscus to forimeatiop of the substrate. By using a Peltier
cooler to reduce the temperature, the evaporaditencan be lowered to allow the spheres time to
assemble. The images in Figure 17 show sphenenadigt similar to that reported by Dushkin,
et al”® Using an angled substrate improves the pattetoingrds the top of the substrate, but
the density of spheres at the lower edge is ineteand aggregates form over the majority of the
area. Still another variation of the drop-coathoetis to place suspended metallic grids over the
drop. This creates capillary forces that drawsybieeres to the grid as the fluid level lowers.

The image results from this experiment are showfigare 19.
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Figure 17: A) Image of the angled drop coat metho(°), which shows many empty spaces and multilayer
stacking of the particles. B) Best achievable pking order showing random crystal orientation and ®me
multilayer regions.

Nitrogen
Supply

Figure 18: Angled drop-coat method with the use od Peltier Cooler to reduce the temperature to 2-4£.
Nitrogen supply reduces humidity level.

Figure 19: A variation of the drop-coat method iso use copper TEM grids placed over the drop to pa¢rn
the spheres.

35



3.2.2. Spin-Coat Method

Substrates were either cleaned with acetone angamator soaked in a piranha solution
before spinning to produce a small contact angteadliow the drop to spread evenly. When
acetone and methanol was used in cleaning, a giowspeed produces a wavelike packing order
in many of the regions (Figure 21). With a higtensity of spheres, these regions should pack
into a monolayer crystal. Piranha etching the satescreates a more hydrophilic substrate, and
this wavelike packing is not observed. The Figdiresy Table 4 are discussed in Chapter 4.

In the spin coat process, it was noticed that at@ere clusters, the packing order
improved greatly. With this in mind, we began xplere using pillars of photoresist (AZ
5214E) to obtain regions of highly ordered sphefsotopillars may help ordering the spheres
by providing a higher meniscus that enables a lbngeleation time (Figure 21). Using
photoresist on the substrate is also addressextiios 3.2.4. While spin-coating is a fast,
simple method of generating monolayers, the looatitcthe patterns produced is still random.

Most of the substrate is useless because of widagtefects.

Table 4: Several rpm’s were tested for a varietyfosphere sizes. Figures are discussed in Chapter 4

Particle Size (hm) Revolutions Per Minute Spin Duréion (minutes) Results

600 3 Figure 30

500 460 4 Figure 31
400 4 Figure 32
2000 2 Figure 33

780 1000 2 Figure 34
500 3 NA
250 4 Figure 35
600 4 Figure 36

1000 500 4 Figure 37
400 4 Figure 38
300 4 Figure 44

* All substrates were soaked in a Piranha etchtisoldor 1/2 hour before use.
Drop sizes were 1L and 1% solids by volume
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Figure 20: Spin coating polystyrene spheres was fermed with varying speeds (250rpm-4000rpm). A seed
of 460 rpm’s proved to be most consistent with vaous sphere sizes. The substrate is spun until dry.

200 pm

Figure 21: Left) Spin-coating results in multilaye stacks at the periphery and wavelike packing thraghout
the coated areas. Right) Drying at low rpm’s (< 80) results in a wavelike effect in the less densegions.

Figure 22: Left) Spin-coating around hexagonal shaed photopillars Right) Zoomed image shows
polycrystalline order around along the edges and éending out from the photopillar.
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3.2.3. Directed Self-Assembly

We adapted a liquid drop dispensor, the Bioforceddarayer, to control the self-
assembly of polystyrene spheres. The Nanoarrageronginally designed to place small drops
of protein-solution on a substrate. The machimme¢ad to be difficult for use in dispensing small
drops of colloidal solution due to the rapid drysgd clogging of the cantilever tip. We instead
used the stepper-motor and real-time video capialsilof the system to manipulate the meniscus
line of a 0.7 L drop of colloidal solution. The Nanoarrayer @so maintain precise control of
the relative humidity.

Humidity Controlled Environment

Water
Chamber

Figure 23: Diagram and image of the Nanoarrayer tol used for directing self-assembly of polystyrene
spheres.

In the method of directed self-assembly, no resbathge was gained through piranha
etching the glass. This is because once nucletti@s place, the spheres will continue to self
assemble into crystalline form at the rate of te@ger motor. Later experiments also showed
that patterning spheres on the surface of a tlyer laf photoresist is also possible. The surface
chemistry of gold was also explored for improversentpacking of the spheres. Once
nucleation occurs, spheres can pack very well golcsurface. From these studies, it seems
that a hydrophilic surface is very important inadggishing control of the nucleation site.
However, once the spheres begin to pack, due tstaoinevaporation, the spheres will assemble
into a crystalline structure regardless of the bpdilic/hydrophobic nature of the substrate.

Our method of directing self-assembly first beggrekposing a silicon nitride edge to a
UV lamp for 20 minutes creates a hydrophilic sugfechold a drop of colloidal solution

(0.7 L). After placing a drop on the surface, the edg@en lowered to the substrate by a
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computer control to the surface and dragged alorgstep-wise fashion. The rate of stepping is
adjusted by visually confirming the assembly of djqeeriodic structures. This technique relies
on the self-assembly of polystyrene spheres, wdiietlthen used as a shadow mask in the

deposition of a gold layer.

Silicon Mitnde

MMenizcus ~_| Colloidal Solution

T

Figure 24: Silicon Nitride surface with a colloidd solution being dragged to the surface of a subsite. The
meniscus has become a straight line parallel to th&ilicon Nitride edge.

The hydrophilic edge creates a horizontal menisoes rather than circular. This
reduces the density imbalance of spheres alongstbembly line as the meniscus recedes. By
controlling the recession and advancement of theisoes, the crystal growth can be regulated.
A similar type of process has also been exploredtbgr groups? although a constant velocity
was applied and visual control of the system wdsmantained, as in our system.

In our experimental set-up, we have worked witladigle volume fraction of  0.01.

The volume fraction of the particles in the areat the want is represented by Our crystal
thickness is h = 1m = 2R, for a monolayer. Theterm accounts for the fact that the
convection velocity of the particles may be diffgr&om the hydrodynamic velocity of water.
The b term is the width of the wet array, whiclour case was approximately 26. The ratio
of b/2R determines the height of the hydrophil@telthat should be maintained. In the majority
of our experiments, this ratio equaled approxinyat® m. The velocity of the contact line is
step-wise rather than continuous, but for a 1%tmwiwof spheres, the velocity was
experimentally determined to be &/sec.

bV D

V. = for monolaye 3

Forcing the spheres to nucleate on the substrédeshdragging eliminates the need for a
hydrophilic substrate, and chemical templates ¢smlze incorporated to improve patterning.
Sandwiching the drop between two hydrophilic platas allow for a continuous feed of

spheres<? but this technique was not explored.
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3.3. Modified Nanosphere Lithography

3.3.1. Processing Techniques

Through Directed Self-Assembly, millimeter areaspifieres can be organized into a
continuous monolayer using only a small drop ofisoh. But self-assembly still produces
regions with many flaws, as shown in Figure 25fo$ were undertaken to reduce these defects
using a pre-patterned surface. A small step hagiaiblishes potential energy wells for the
spheres to organize within. Using a photolithofrajask with feature sizes smaller than 20
times the sphere diameter to pre-pattern the saibsttefects can be significantly reduced. The
photolithographic features create periodic grainrutaries, and reduce the number of
propagating defects. In these experiments) $pheres were predominately used and the typical
defect free regions extend to 26. But this technique can be extended to any sptize by
adjusting the step height to less than half ofsipigere diameter. The pre-pattern features must
be adjusted for the sphere diameters to be usdten\the feature sizes are integer multiples of
the sphere size, the packing contains far fewezaief A variety of shapes were defined through
photolithography to include squares, trianglesprhp and circles, as illustrated in Figure 26.

Self-assembly occurs over both the gold regionsimtioe glass wells. A pre-patterned
substrate can reduce crystalline defects, but giatethe surface layer from forming rough
surface features is also important. These rougfases could cause optical effects due to
localized plasmon coupling. To confine the paterregions to only the glass wells, we
protected the gold surface with a layer of photstdsefore depositing the spheres, as shown in
Figure 27. We used a thinned photoresist layer3274E + PGMEA) to protect the pre-
patterned gold surface from the spheres, as showigure 27.
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Figure 25: Many defects are noticeable due to patlg flaws in self-assembly.
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Figure 26: Pre-patterned substrate using a varietpf features as deposition wells for the spheres.
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Figure 27: A thin layer of photoresist protects thegold substrate. A) Notice the mismatch between ¢hsize of
the glass and the photoresist features. B) Optimiizg the exposure times eliminated this defect.
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Using a pre-patterned substrate requires two netéith depositions. The first
deposition creates an optically thick pre-pattersigostrate, while the second is used for the
features within the geometric patterns. After @osel metallic deposition, the spheres and
photoresist can be lifted off to reveal nanomegatires within a micropatterned grid. The flow
diagram in Figure 28 shows the overall modifiedoess of NSL to create reduced defect
patterns in specific locations of a substrate.

The flow diagram in Figure 28 is an adjusted métfuws Nanosphere Lithography that
can be used to obtain periodic apertures alignednicron scale grid. The mask used in
photolithography can have any kind of surface fiestuthough an integer multiple of the sphere
size being used will likely improve patterning ritssu The sphere deposition step takes
advantage of directed self-assembly method, asquely described. Before depositing the
spheres, special care was also taken to alignréipaiterned features at right angles to the
direction of the receding meniscus. Since the soeisi along the edge forms a straight line, the
crystalline packing can be obtained uniformly ozevide lateral distance (2-3 mm).

polystyrene 4
sphere deposition
Positive 1 Reactive lon 5
Photolithography Etching: 0z
metallic film 2 metallic film 6
deposition deposition
Negative 3 Dichloromethane 7
Photolithography liftoff
“ [ .A ‘/? 7‘7 Ia

Figure 28: Flow diagram of fabrication process usig five basic techniques: photolithography, metal
deposition, sphere deposition, etching, and chemidéftoff. This produces hexagonal periodic holesn regions
specified via photolithography.
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3.3.2. Reactive lon Etching

After depositing the spheres onto the substratu(Ei25, step 4), the sphere surface can be
etched to create spaces between the spheres (st&msBcond metallic deposition will then
create hexagonal spaced apertures instead of ndiotgsa Reactive lon Etching of polystyrene
spheres is accomplished through the use of oxypesm@a. The spheres were exposed for a
range of times between 0.5 seconds and 2.5 min@karging of the spheres can become a
problem for longer exposure times. For examplgufd 58 shows a dark field image of the
clumping of spheres due to an exposure time ofr2Ziites for 1 m spheres. By performing the
etching process in steps this effect can be reduBgdReactive lon Etching the polystyrene
spheres, the radii of the spheres can be reducatb connection of metallic islands by thin
veins. This establishes nanometer sized apenvitesa much smoother topology.

Table 5: Reactive lon Etching of polystyrene sphes with O, plasma. Several different exposure times
were tested for different sphere sizes for a fixedas pressure.

Reactive lon Etching Polystyrene Spheres

Sphere Diameter (nm) Total Etch Time (min) Etched Bhere Diameter (nm) Results
1000 1:30 950 nm Figure 47
1000 2:00 850 nm Figure 49
1000 2:30 800 nm Figure 51
1000 3:00 650 nm Figure 53
780 1:30 600 nm Figure 55
780 2:00 400 nm Figure 57|
780 2:30 Aggregation N/A
780 2:45 Aggregation N/A
500 0:30 Aggregation N/A
500 1:00 Aggregation N/A
500 1:30 Aggregation N/A
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3.4.Focused lon Beam Lithography

Focused lon Beam milling was performed by a Hit&dhi Quanta 200 3D, with dual
column SEM imaging capabilities. The FIB usesilig@allium as an ion source because of its
low melting point (room temperature) and high fangscapabilities (< 10 nm). The ion beam
can also be used as an imaging tool by collectiegsecondary electrons scattered from the
surface; however, sputtering of the sample occ8EM imaging prevents the destruction of the
surface, which is crucial for the studies perforrece.

Our group explored the Focused lon Beam methodusedacan be optimized to produce
perfect periodic structures from an image templdiee image software reads a 512 x 512, 24-
bit monochrome bitmap file that we designed to poadperiodic particles and holes (Figure 29).
Sputtering conditions were optimized for differémtknesses of the gold film, which ranged
from 100 nm to 250 nm. A low beam current of 10wds typically used with exposure times
of up to 5 minutes, depending upon the size sdaleedeatures. The deposition parameters,
such as beam current and exposure time, needdptimeized for each structure. Figure 13
shows a set of ellipses of varying diameter. Hngdr holes (bottom right) have been milled
completely, while the smaller set (left three cohsnhas not been fully penetrated. Further
exposure would cause the lines between the holdstésiorate and form lines.

image of an array of holes with different dimensios, generated through Focused lon Beam Milling.
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3.5. Fabrication & Analytical Equipment

All of the metallic films for our experiments wedeposited with an Edwards Auto 306 E-
beam. The deposition takes place under vacuursymessof approximately 3 x 20rorr, and
the substrate is rotated above the crucible torgeman even thickness. The film thickness is
controlled by a quartz crystal monitor and calibdator the density of gold. Photolithography
steps were performed using an MJB 3 Karl Suss pligter. The exposure times and baking
conditions are optimized for AZ 5214E Image RevidPsmtoresist. The resist can be thinned to
the desired spin height by mixing different rattd$’ropylene Glycol Monothenyl Ether Acetate
(PGMEA) with the resist. Positive photolithograpleguired an exposure time on glass of 8
seconds for the un-thinned layer. In negativegtiaphy on a gold surface, 2 seconds exposure
time and 50 seconds development were the optintiaeditions. A Plasmalab 80 Plus Reactive
lon Etching machine was used for surface modifacatf the polystyrene spheres. The spheres
were exposed to a process pressure of 30 mTorrB@igtem @ RF forward power was
maintained at 100 Watts, and the process time djastad between 0:30 and 3:00 minutes.

The analytical tools used were a Dimension 3100vAd¢d-orce Microscope, JSM-6400
Scanning Electron Microscope, and an Olympus BXp@dal Microscope with dark field
imaging capabilities. Scanning Electron Microscopages were also provided by the
Analytical Instrumentation Facility. AFM can actéeangstrom resolution in the z axis and has
a lateral resolution of approximately 10 nm. Thhs, topology of the structures generated by
Focused lon Beam and Nanosphere Lithography cahdracterized well, while SEM provides
a more true representation of the lateral dimerssodrthe sample. To characterize the thickness
of the metal films deposited, a Dektak 3030 hegginisor was used. In the Dektak, a stylus is
scanned along a test sample to determine the sigpttof the film with accuracy down to a few
nanometers. Optical experiments were performeatguemn Ocean Optics Spectrometer and a

Perkin-Elmer Spectrophotometer.
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Chapter 4

Results and Discussion

Several different experiments in self-assembly vested to determine the best overall
method for producing high quality 2-D crystals. xidgonal packing from self-assembly has
been used to form a triangular lattice of aperturBse tunability of the system is achieved by
altering sphere size, reactive ion etching pararsedad thickness of the metal film. These
structures are compared to similar apertures pestluith Focused lon Beam and evaluated for

their potential in biosensing experiments.
4.1. Patterns in Self-Assembly

Experimental results from drop-coating, spin-cagtend directed self-assembly are
discussed in the following sections. Adjustmenttemperature, humidity, and surface
chemistry all have a drastic effect on the qualityhe crystals produced. The best and reliable
patterning method proved to be directed self-asgerabd this method was used in the modified
nanosphere lithography steps described in sect®inThe results from modified nanosphere

lithography are discussed in section 4.2
4.1.1. Drop-coat and Spin-coat

The dynamics of the Self-Assembly process werdoesg for Nanosphere Lithography.
The many different methods tried include: drop-¢epin-coat, physical templates, chemical
templates, and mechanical control of the drop. |&hgrop coating with temperature and
humidity control created more regions of monolayalthough the angle at which the drop was
placed did not seem to have as much of an effettteatemperature control.

Spin-coating a drop of colloidal solution redudas Brownian motion and produces a
radial flow. The revolutions per minute used carrdughly divided into two groups. Below
500 rpm’s, the drop does not spread out considgeatd there is simply a small radial force
applied to the spheres. This improves packingrbyiging an extra force component to the
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capillary forces. When the rpm’s exceed 500, tlop ds spread in many directions (dependent
upon exact speed and balance of spinner), whicltsea random placement of the spheres all
the way to the exterior of the substrate. At ttigecof the substrate, spheres can assembly into
monolayers and multilayers.

Using metallic templates suspended over the drap @ption that was explored as

well.”®

Gold and Copper TEM grids attract most of theesph by forming capillary suspension
bridges between the substrate and the wires. &lesleemical templates can be used in
combination with this method, however, there isfaatdamental way of controlling the density
of spheres that assemble beneath the wire-grids.

It became obvious that the drop coat and spinme#ihods were inaccurate for obtaining
the kind of precise placement necessary, yet mashl@arned from these experiments.

Humidity control proved to be the most importardtéa in determining crystalline quality for

Directed Self-Assembly.

'.':1

Figure 30: 500m sheres spun at 600 rpm’s. The Figure 31: 500nm spheres spun at 460 rpm’s. Drop
edge of the substrate shows levels of highly stacke  no longer spreads to the edge of the substrate
spheres.

Figure 32: 500nm spheres spun at 400 rpm’s. Peach Figure 33: 780nm spheres spun at 2000 rpm’s.
colored areas show monolayers. Darker regions are Center of the drop diverges towards the edge of the
multilayers. substrate.
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Figure 34: 780 nm spheres spun at 100 rpm’s. Figure 35: 780 nm spheres spun at 250 rpm’s. Edge

Monolayers formed at the edge of the substrate. of the drop is still in the center of substrate, ad
multilayer stacks dominate.

Figure 36: 1000 nm spheres spun at 600 rpm’s.
Stacking begins at the edge of the substrate.

(V' §

Figure 38: 1000 nm spheres spun at 400 rpm’s. Figure 39: 1000nm spheres spun at 300 rpm’s show
multilayer stacks at the edge of the droplet.
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4.1.2. Directed Self-Assembly

In Directed Self-Assembly, a 1% concentration ptbigehave the best results by allowing
the step rate to be slower, but timely. A 2.586aentration of spheres also achieves good
results with a higher humidity. By dragging thepliquickly, almost no spheres are deposited on
the substrate, as shown in Figure 40A. When tbp drwedged between the substrate and a
hard edge, the meniscus is a straight line (Figtije Depositing the spheres with right angle
features could prove useful in optical waveguides.

Stepping the meniscus at a slow rate can prodscegge monolayer crystal, as shown in
Figure 40B. It is also possible to draw the mamdgack over areas that did not pack tightly.
This self-correcting aspect is the real advantddewing visual control over the process.
Automation of the process is possible using thercadriations at the meniscus line, where self-
assembly occurs. Color change along the evaparktie also allows for patterning of sub-
wavelength sized spheres. While individual sphefé¥)0 nm diameter cannot be seen,
monolayers and multilayers were formed using gachinique.

Directly patterning the substrate before depositirggspheres is another method of
controlling the locations of the nanostructuresecianical control of the drop allows for
complete control of the site of self-assembly, \hpcoved most consistent at reducing defects
when applied to a micron-sized pre-patterned satestrThe use of a pre-patterned substrate has
been explored in the literatufébut not at the scale of manipulating the crystallpacking

structure.
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Figure 40: Dragging the meniscus allows a sophistited level of control as to where self-assemblyags. A)
Lines of various thickness are produced by dragginthe drop quickly and pausing at selected areas. )B
Continuous monolayers can be established by draggirthe drop at slow rates (1~2 m/s). Vertical lines in B)

show propagating line defects.
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Figure 41: Directed Self-Assembly shows a hard edgan be made with a straight meniscus.

e " e ‘1"-“3*;?'& : 20[].]]1
Figure 42: A glass substrate is pre-patterned byhmtolithography steps to establish square openings
optically thick gold. The depth of the glass wellgetermine the number of sphere layers that staclogether.

The step-height was 2 m, and by moving the meniscus slowling a double lay was formed.
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4.2. Fabricated Plasmonic Structures
Modified NSL

The Directed Self-Assembly is an effective waybfaining millimeter sized areas of
tightly packed monolayers. This method can be wsechany different substrates, provided
enough time is allowed for nucleation of the criygidbegin. When the substrate is more
hydrophibic in nature, a fast stepping rate candesl to actually channel spheres into desired
regions. Using a pre-patterned substrate caneumiprove crystalline order. Our initial
experiments with pre-patterned substrates of XdGquares had no effect on the packing
arrangement of the spheres. Propagating line tefdp dislocations, and vacancies were still
present. Reducing the mask features to the ofdE¥-80 times the size of the spheres can
actually improve the crystalline structure. Atstlicale, however, the risk of producing double
layers increases due to a high step-height.

Our main objective was to obtain a monolayer pagkirder, so one difficulty in our
process was keeping the step height of the glabs aygoreciably small, yet optically thick. If
the height exceeds the sphere size, there is ampgbbability of developing a multilayer, as in
Figure 42. This translates into a minimum sphére lsased on the height of the pre-patterned
material, and the protective photoresist layere @ay of reducing this limitation is to thin the
photoresist. By mixing equal parts AZ5214E phat@tewith PGMEA, we were able to reduce
the photoresist height from 1.4n to 400 nm. With a 100 nm gold deposition, thiisvés us to
use 500 nm spheres.

Fabricating microstructures 10 to 20 times the efzbe spheres can present another
problem. At this scale there are a limited nundjepertures produced in the final product, and
optical fringe effects can lead to propagating mlas modes and thus alter the transmission
spectrum. Unpredictable absorption and re-emissamnoccur® To reduce the potential
occurrence of fringe effects, the pre-patternedsates can be layered with chrome, which

guenches propagating plasmons.
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Figure 43: Photolithography was used to create 20m channels. By rapidly dragglng the drop along the
surface, the glass line acts as a funnel for thelsgres to assemble in. Control of assembly is lireid, but no
spheres deposit in the surrounding regions.

o 50 pm

Figure 44: A 100 um square in a pre-patterned suh:sate The location of the spheres can be contret by
mechanically steering the drop and protecting desed regions by photolithography masks.

'

Figure 45: A) The step between photoprotected goland the exposed glass wells. B) Misalignment in
photolithography can result in unpatterned regions.
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Reactive lon Etching

Varying the etching time can tailor the hole siaaghe literature, reactive ion etching of
polystyrene spheres showed an etch rate of appedeiy’50 nm per minute for 500 nm bedds.
When viewed under the Scanning Electron Microscitpg obvious that the spheres have a
shadowing effect even after Reactive lon Etchilbis creates in a sloping profile for the gold
structures, unlike the cylindrical tunnels produte@ugh FIB. The hexagonal packed spheres
leave several features after liftoff: hillocks ramag from the polystyrene spheres, rings that
remain from the organic solutes in aqueous suspenand triangular posts from the material
depositior®® The SEM image reveals these hillocks in the cedftthe holes. It also reveals a
gradient of gold thickness, rather than a unifotepseight. This shape alteration could affect
coupling between the front and backside of the filnm Annealing could be implemented to
smooth the film as a final step. While no speagometry is necessary to generate plasmonic
bands, geometric effects will change the locatiodh iatensity of transmission peaks. This
gradient profile could be the reason why the stmas do not scatter light similarly when
exposed to the same optical light source.

While the AFM shows definite improvement in the sittmess of the film after Reactive
lon Etching the spheres, care is taken not to diaatvconclusions from this process due to the
way the lateral data is gathered. In AFM, somesithe particles can appear to be closer
together because of the convolution of the shapleofianoparticle with the rounded AFM #p.
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Figure 47: Etch (1:30) reduces spheres to 950nm

Figure 49: Etch (2:00) reduces spheres to 850nm

Figure 46: 1 um spheres

Figure 48: : 1 um spheres

Figure 50: : 1 um spheres Figure 51: Etch (2:30) reduces spheres to 800nm

-

Figure 52: : 1 um spheres Figure 53: Etch (3:00) reduces spheres to 650nm
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Figure 54: 780 nm spheres Figure 55: Etch (1:30) reduces spheres to 600nm

Figure 56: 780 nm spheres Figure 57: Etch (2:00) reduces spheres to 400nm

Figure 58: Dark field image of 1 m polystyrene spheres that shows clumping after 28Bexposure to Q
plasma etch.
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Figure 59: AFM image of holes remaining after lifoff without reactive ion etching (left) and with Rective
lon Etched spheres. The film shows a higher degred uniformity when reactive ion etching is used.

Figure 60: AFM image of holes fabricated by Focied lon Beam Milling.
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Figure 61: 500 nm holes milled in a hexagonal arrgement similar to NSL using 500 nm spheres.

Figure 62: Liftoff via Dichloromethane (CH,F,) reveals several hollowed out and partially meltegholystyrene
spheres still held intact by the gold particles. fie hole diameters are 500nm using 1m spheres.

Figure 63: Reactive ion etching the spheres befodeposition results in uniform hole sizes in goldlm. The
centers of the holes also reveal what may be polysene hillocks that remain after chemical liftoff.

57



4.3. Tunable Transmission Spectra

When the metal film is corrugated, the surfacemlass experience band gaps. A periodic
structure allows certain standing modes to be ksteol and creates intense electromagnetic
fields at the periphery of the apertures. Moghefpatterns produced in the literature are ones
that offer simple mathematical analysis, such astjuare lattice of holes shown in Figure 48A.
Lattices fabricated by Nanosphere Lithography heaagular symmetry. Triangular lattices
(Figure 48B) can also be treated mathematically similar way to square periodic holes.

Triangular lattices have a different rotational syetry and will show a different
transmission spectrum from square periodic strestuBecause photon coupling is vectoral by
nature, this introduces the possibility of polati@a dependence on transmission. The maximum
and minimum transmission spectra for periodic $tngs are a function of the scattering order,
as shown in Table %. For square and triangular arrays, the peak wagtieransmission at
normal incidence depends upon the periodicity efttbles, P, the space between the nearest

neighbor a, the dielectric constant of the materjaland the diffractive scattering ordérjf.

IR SRR j e S 2um
Figure 64: Focus lon Beam A) square lattice with@) nm diameter and 500 nm periodicity, B) triangula
lattice with 250 nm diameter and 350 nm periodicity
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Table 6: Maximum and minimum wavelengths based operiodicity of square and triangular

apertures.
/ -
min Gmn
Triangular Lattice =) e e, - 4p iZ+ij+]2
Ji@ i+ ) Ven+e, V3
Square Lattice P e e, G _2p 742
JiZ+jio) Ve +e T
—.1 1 9,1 1,1
1,0 1,0

Figure 65: Scattering order for a hexagonal lattice
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Triangular lattices can be produced by Nanosphehegraphy. Using the right
processing techniques, Focused lon Beam LithograptdyNanosphere Lithography can achieve
comparable results. Figures 33 and 34 show aasipdriodicity using a bitmap image input for
the Focused lon Beam and th spheres in Nanosphere Lithography. Holes otladgameter
show white light scattering when viewed under & di@td optical microscope, and no peak
intensity shifts are noticeable in the raw sigralected by the spectrometer.

The transmission spectrum is not sensitive to tietglefects that occur regularly in
Nanosphere LithograpHy,but the effects of slip dislocations have not betedied. The
features produced by NSL have more broad gold featand exhibit an orange hue from the
dark field optical microscope. However, no shagmsmission peaks have been observed.

When photons strike a thin film, if the media other side of the film are not the same,
surface plasmons will be propagating at differgretesls. This creates different scattering orders
in the transmission spectrum. This also assungeadtual features are symmetric on the top and
bottom interface. While Focused lon Beam may pcedsymmetric features at the top and
bottom interfaces, Nanosphere Lithography credtad@ved regions that can alter the scattering
order at the metal/liquid interface. Figure 36whathe features produced by both methods and

the differences between the transmission intensity.
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Figure 66: SEM image of Reactive lon Etched 500 nmepheres (50 sec). Granular nature of gold is e\adt
and the sloping profile is due to shadowing from th spheres in NSL.

Figure 67: Hexagonal apertures fabricated throughA) Focused lon Beam and B) Nanosphere Lithography.

Transmission Spectra

710

Dark field Dark field
scattering image scattering image
of FIB holes of NSL holes

Intensity (counts)

300 400 500 600 700 a00 900 1000 1100

Wavelength (nm) S EllEIaSS

< NSL

Figure 68: Transmission of light through structures fabricated by FIB and NSL.
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Surface Plasmon Polaritons are electromagnetic sveaepled with electron oscillations
on the surface of a metal. Because photons aratttpnature, the hexagonal arrays show a
polarization dependence for a normally incidenhplavave. We have obtained preliminary data
that validates the polarization dependence foistrassion of a linearly polarized white light
source (Figure 69). In the hexagonal structuaibbscated through NSL, localized plasmons are
likely generated, but for certain polarizationsréheould be propagating surface plasmon modes

as well. More data will need to be collected befany conclusions can be made.
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Figure 69: The transmission rate of gold film (150m) with hexagonal hole-array for different polarization
states.
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4.4. Sensing and Imaging Potential

Localized Plasmons are sensitive to the surroundielgctric media. By changing the index
of refraction at the surface, the peak wavelengtransmission should shift. Red shifts and
blue shifts of the entire spectrum can also oc&esonant scattering from particles can be
observed in transmission mode. For the triancudaticles fabricated by Focused lon Beam
Lithography, shown in Figure 29 of section 3.4,raes in the transmission rate and a broadened
peak can be observed when immersed in ethanol.

Preliminary data from hexagonal spaced holes fataitby Focused lon Beam milled holes
show a small red shift in peak transmission fangraission through ethanol, as compared to air.
The hexagonal spaced apertures Nanosphere LitHoghgye not shown the sensitivity
demonstrated here by Focsued lon Beam, and thifmadye to the surface topology created by
the shadowing spheres. This could be interferiitly laocalized Plasmon modes established at
the surface of the periodic structure. It is poigsihat an anneal step could smooth the films and

allow for similar sensing experiments.
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Figure 70: The transmission spectra from periodictiangular particles shows its ability to sense the
surrounding dielectric material (Air vs. Ethanol).

Figure 71: Preliminary data shows small intensityshifts in peak transmission for a variety of liquics.
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Chapter 5
Conclusion

5.1.Directed Self-Assembly

Directed Self-Assembly allows for control over theation and size of monolayers and
multilayer crystals. A computer controlled steppeator with image feedback allows the user to
adjust the rate of the receding meniscus to congperigr changing evaporation conditions.
Brownian motion can cause density shifts in theespldistribution near the meniscus, which can
result in multilayer stacking if the stepper raedo slow. If the meniscus evaporates or recedes
too quickly, the stepper motor can also be drive@wérd to connect a disjointed monolayer.
Defects that arise from randomized self-assembiybeareduced by dragging the droplet over a
pre-patterned substrate. The features of the giterped substrate function best when they are

between 10 and 20x the diameter of the spheres.

5.2.NSL in producing Sub-wavelength Apertures

Plasmonic structures were fabricated by evaporatighin gold layers onto transparent
substrates. For small scale research studiedlygunploy Focused lon Beam has been the
primary method of generating periodic patternsis Téchnique, as previously described, can
fabricate structures with unlimited shape and plcity. Nanosphere Lithography was
developed by the Van Duyne group of Northwesterivéisity to pattern hexagonal arrays of
triangular particles. By incorporating Reactive Btching of the spheres followed by electron
beam deposition of optically thick gold film, aamgular array of apertures can also be made.

Different sphere sizes alter the periodicity of liexagonal spaced apertures, while etching
time can be used to adjust the hole sizes. Sulelelgth apertures can be applied in biosensing
experiments due to the sensitivity of noble metalte surrounding dielectric media. Adjusting
the physical dimensions of the apertures can plgdsiéad to enhanced light transmission, which

could lead to applications in cellular microscofNanosphere Lithography is currently limited
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to hexagonal spaced monolayer packing and hexagosguare lattice multilayer packing.
However, apertures fabricated by NSL can find use variety of optical devices.

5.3. Suggestions for Future Work

Further reducing packing defects is still possthl®ugh either chemical templates or
through the use of different spheres. Literateports have mentioned that the quality of the 2D
ordered arrays improved with increasing particlargh, due to enhanced repulsion between
particles. This aspect of patterning improvemexs mot yet been explored by our group at NC
State. Experimenting with different sphere surfeltarges could further reduce packing defects.

The next step towards using these structures indigal applications is to experiment with
thiol chemistry bonding of different chemicals @ tgold surface. The most frequently studied
Self-Assembled Monolayer system is long-chain atktimolates on gold surfaces, due to the
simple preparation and stability. Self-Assembleahilayers on small gold features will likely
behave very differently from flat gold surfaceshelnanopatrticle surface is highly faceted and
hence contains many defect sites such as edgesdmms. Second, due to the curved surface
and unlike monolayers on flat gold, SAMs radiateén@ud from the core. These aspects of
surface patterning are important to ensure thalitiabf using hexagonal periodic structures in
cellular biology studies.

Nanosphere Lithography has even found use as afmakiksozome protein deposition
in the hexagonal spac&s.This offers promise in using the gold islands aeiths as a substrate
for assembling chemical and protein scaffolds.eAReactive lon Etching of the spheres,
proteins or chemicals can be adhered to the surfélee spheres can then be removed via
ultrasonication.
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