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ABSTRACT

FABRICATION OF VARIOUS METAL NANOSTRUCTURES WITH HOLE
MASK COLLOIDAL LITHOGRAPHY

Öztürk, İbrahı̇m Murat

M.S., Department of Physics

Supervisor : Assist. Prof. Dr. Alpan Bek

September 2014, 75 pages

In this work, a novel surface nanostructuring technique called hole mask colloidal

lithography (HMCL) is investigated and utilized to fabricate large area metal nanos-

tructures with several geometries with photoresist over exposure and over develop

as the undercutting method. Some extends of this method has been examined with

constant angled deposition of dimer structures.

HMCL takes advantage of directional nature of thermal evaporation method for metal

deposition through the nanoscale holes that are placed at a controlled distance away

from the substrate surface. When an angle is applied between the normal vector of

the surface and deposition direction, position of deposited material can be precisely

controlled with respect to the hole. Colloidal nanospheres are employed to decorate

the the surface with nanoscale holes, which offers fast and convenient large area deco-

ration. What makes HMCL a superior lithography technique is its ability to parallelly

fabricate both simple and complex nano geometries on large areas with variable min-
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imum feature sizes and controllable surface coverages.

Hole generation is the most crucial part to achieve successful results with HMCL. It

has been proposed and successfully employed in this thesis that undercutted holes at

a controllable distance away from the surface can be fabricated by using a positive

tone photoresist film on the surface as a sacrificial layer. Undercutting of photoresist

is achieved by over exposure and over development. Spherical nanoparticles with two

sizes (750 and 262 nm) are used to decorate over this resist film to later leave their

places to holes.

Process steps are investigated and optimized for successful hole generation. Same

procedure is found to be applicable to both sizes of holes. The success of the holes

are investigated by deposition of dimers, trimers and quadromers on the substrates

and examined with optical and electron microscopy.

After defining a successful procedure, positional precision examined by fabrication of

close and distant dimer disks. Asymmetrical deposition possibilities with dimers are

examined next. Three main asymmetrical structure fabrication possibilities are found.

Asymmetrical thickness deposition, asymmetrical angled deposition and asymme-

tries arising from clogging of the holes. Several dimer structures are fabricated with

asymmetrical thickness deposition and asymmetrical angle deposition under different

conditions to comprehend the extend of asymmetrical possibilities.

Keywords: Metal nanoparticles, Nano fabrication, Plasmonics
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ÖZ

DEŞİK MASKE KOLLOİDAL LİTOGRAFİSİ İLE ÇEŞİTLİ METAL
NANOYAPILARIN ÜRETİLMESİ

Öztürk, İbrahı̇m Murat

Yüksek Lisans, Fizik Bölümü

Tez Yöneticisi : Yrd. Doç. Dr. Alpan Bek

Eylül 2014 , 75 sayfa

Bu çalışmada, orjinal bir yüzey nanoşekillendirme yöntemi olan deşik maske colloid

litografisi (HMCL) incelenmiş ve büyük alanlarda çeşitli geometrilerde metal nanoy-

apılar üretmek için deşiklerin altını oyma methodu olarak fotoresist fazla pozlaması

ve fazla geliştirilmesi ile kullanılmıştır. Bu yöntemin bazı sınırları ikili yapılarda sabit

açılı kaplama ile incelenmiştir.

HMCL termal buharlaştırma yönteminin yönlenik kaplama özelliğinden yararlanır

ve alttaş yüzeyinden kontrol edilebilir bir mesafede üretilen nano boyuttaki deşik-

lerden içeri metal kaplanması ile çalışır. Eğer yüzeyin normal vektörü ile kaplama

yönü arasına bir açı verilirse, deşiklerden girerek kaplanan metalin kaplandığı yer

hassaslıkla kontrol edilebilir. Deşiklerin üretimi için büyük alanları hızlı ve uygun bir

şekilde küre parçacıklarla kaplayabilen kolloid litografisi kullanılır. HMCL’yi üstün

bir yüzey şekillendirme yöntemi yapan şey paralel bir biçimde hem basit hem de kar-

maşık nano geometrilerin büyük alanlara, çeşitli minimum karakteristik boyutlarında
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ve yüzey doluluklarında üretilebilmesidir.

Deşiklerin oluşturulması HMCL’nin başarılı olması için en önemli kısımdır. Yüzey-

den kontrol edilebilir uzaklıklardaki altı oyulmuş deşiklerin oluşması için positif tonlu

bir fotoresist filminin feda edilecek katman olarak kullanılabileceği tarafımızdan öner-

irlip başarı ile uygulanmıştır. Altı oyulmus deşikler fotoresistin fazla pozlanması ve

fazla geliştirilmesi ile sağlanmıştır. İki farklı boyutta nanoküre (750 nm ve 262 nm

) fotoresist yüzeyine dekore edilmiş ve daha sonra deşiklerin oluşturulmasında kul-

lanılmıştır.

Deşik oluşturmasında kullanılan işlem basamakları incelenmiş ve optimize edilmiştir.

Aynı basamakların kullanılan iki farklı boyutta da çalıştığı görülmüştür. Deşiklerin

oluşum başarısı ikili, üçlü, ve dörtlü parçacıkların deşiklerden yüzeye kaplanması ile

incelenmiştir. Oluşturulmuş yapılar optik ve elektron mikroskopları ile fotograflan-

mıştır.

Başarı elde edilen işlem basamaklarına karar verilmesinden sonra, konum hassaslığı

incelemeleri, çok yakın ve uzak ikililerin üretimi ile yapılmıştır. Asimetrik yapı ure-

tim olasılıkları incelenmiş ve üç yöntemin bu konuda başarı sağlayabileceği bulun-

muştur. Bunlar asimetrik kalınlıklı kaplama, asimetrik açı ile kaplama ve deşiklerin

tıkanma etkisinden ortaya çıkan asimetirlerdir. Asimetrik ikililerden oluşan birkaç

örnek asimetrik kalınlık kaplaması ve asimtrik açılı kaplama ile oluşturulmuş ve

değişik parametreler altında incelenmiştir.

Anahtar Kelimeler: Metal nanoparçacıklar, Nano üretim, Plazmonik parçacıklar
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CHAPTER 1

INTRODUCTION

The famous quote “There is plenty of room at the bottom” voiced by Richard Feyn-

man more than half a century ago [1], has been confirmed by realization of countless

possibilities bestowed to the science by the field of nanotechnology. Remarkable

discoveries have been made and it is certain that there is still plenty of room in the

nanoworld awaiting to be filled with curious researchers.

The study of plasmonics; a rapidly growing field of nanoscience; examines the phe-

nomena arising from extraordinary optical response of metals at nanoscale. This

response occurs by the resonator-like behavior of metallic nanostructures under elec-

tromagnetic excitation. Resonance modes of these structures called surface plasmon

(SP) resonances and they occur by collective oscillations of free conduction band

electrons. Surface plasmon resonances enables concentration and control of opti-

cal radiation in subwavelenth scale. In the case of surface plasmon resonances in

nanoparticles, strong field enhancements in the vicinity of nanoparticles and enhanced

far field scattering of distinct wavelengths are observed. Spectral position, shape and

intensity of the resonance peaks are highly dependent to surrounding media, as well

as structure geometry and size of the structure.

Far field scattering properties of plasmonic nanoparticles are used in sensing appli-

cations in several fields like biology and material science. High dependence of reso-

nance wavelength to surrounding refractive index of a nanoparticle is used to detect

trace amounts of molecules [2, 3, 4, 5]. Another widely known and examined ap-

plication of SP resonance is surface enhanced Raman scattering (SERS) occurs by

strong near field enhancements of nanoparticles. SERS have molecular level detec-
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tion capabilities even a single molecule can be detected out of a solution with SERS

[6, 7, 8, 9]. Several photovoltaic applications have been extensively investigated to

increase the efficiency, by utilizing both scattering characteristics and enhanced near

field strengths [10, 11, 12, 13].

With the development of lithography methods, more complex structures has been

examined. Dimers are used to obtain so called hot spots, where the local field strength

between the particles is many orders of magnitude higher than the exciting field at

certain polarizations of incident radiation [14, 15]. Bow-tie structures enhance the

local field strength orders of magnitude. Interactions of multiple plasmonic particles

with close distances are examined, shifted resonance positions and new plasmonic

resonance modes are observed due to interparticle interactions.[16, 17]. Enhanced

nonlinear optical responses are observed arising from local field enhancement and

coupled plasmon modes arising from interparticle interactions of nanoparticles [18,

19, 20].

Various theoretical approaches and models have been developed to explain SPs for

simpler geometries. However; as the geometry gets complex, theoretical explanations

become much more difficult to built from scratch. Most of the theoretical understand-

ing develops with experiments. Experimental analysis methods play a very important

role on understanding and developing a more comprehensive understanding about the

subject.

This is where surface nanostructuring becomes momentous, both for understanding

the surface plasmon phenomena and developing state of art devices exploiting its

unique properties. Nanostructuring approaches for plasmonic applications are gen-

erally designed for either generation of a high resolution structures on small areas

to conduct proof of principle experiments or fabrication of large area structures for

industrial applications and like SERS substrates and photovoltaic (PV) applications.

Proof of principle approaches generally uses lithographic methods that provide ex-

tended control over structure geometries like electron beam lithography (EBL) and

scanning probe lithography (SPL), both of which offer high resolutions; however dis-

allowing structuring of large areas. Large area structuring approaches mainly takes

advantage of self assembly of nanostructures. Although, large area structuring is sup-
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ported with self assembly methods, the drawback is the limited control over structure

geometry.

A novel lithography method called Hole mask colloidal lithography (HMCL) can

be utilized to fabricate large area controlled structures, for examination of collec-

tive responses of complex plasmonic nanostructure geometries. HMCL is a recently

proposed method that can be viewed as a hybrid technique, as it allows large are

structuring with extended control over structure geometry. In HMCL simple struc-

tures are distributed to surfaces by self assembly of colloidal particles. They later

form various structure geometries that can be strictly controlled by angled directional

deposition. In other words, exact positions of the structures are determined by self

assembly of colloidal particles; while, structure geometry is highly controllable by

the user. Large areas can be covered easily using colloidal lithography. Distribution

of colloidal particles can even be made periodic. Minimum feature size of the gener-

ated structures is determined by the colloidal particle size which can vary from tens

of nanometers to micrometers. One of the most important properties of HMCL is

the possibility of nanoscale control over feature to feature distance. In other words;

very small half-pitch distances of isolated particles can be fabricated with various

geometries like dimers, trimers, tetramers etc. Moreover, complex geometries like

asymmetrical multiple disks, chiral structures, split-rings, ecliptic disks, short rods, T

shaped structures etc. can be fabricated with rotating angled deposition. This makes

HMCL a perfect tool for examining plasmonic interactions of close plasmonic parti-

cles. Moreover, not only two dimensional but also three dimensional structures can

be engineered with extended control over normal axis that HMCL offers within a sin-

gle structure. This brings a significant freedom, that makes it possible to fabricate

various asymmetries on the z-axis in a single structure [21].

Hole mask colloidal lithography is first proposed and applied by Fredriksson et al.

in 2007 [22]. Several groups conducted experiments to comprehend the extend of

HMCL. A motorized two-axis rotatable evaporation holder used to gain three dimen-

sional control over the structures by Zhao et al., which highly increased the number

of possible geometries [23, 24, 21].

This thesis is written on the basis of the experiments conducted for utilization of
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HMCL. Chapter 2 is designed to give the reader a brief background information

about the surface plasmons. For this purpose after a brief review of the historical

development and simple yet efficient theoretical approaches are investigated. Several

applications and their backgrounds are discussed. In Chapter 3 some common sur-

face nanostructuring methods are discussed under two main sections; controlled ap-

proaches and self assembly of nanostructures. Advantages and disadvantages of each

method over each other are discussed. Detailed information about HMCL is given

in Chapter 4 including conducted experiments and possible improvements. Detailed

procedures, successful and unsuccessful experiments are also discussed throughout

the chapter. Conclussions and future improvements are discussed in Chapter 5.
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CHAPTER 2

SURFACE PLASMONS

Plasmonic interactions arise from collective electron oscillations of metal’s electron

cloud induced by electric field of an exciting light. Resonances arise from these oscil-

lations can be referred as surface plasmons (SP). Probably the most remarkable prop-

erty of SP is its ability to confine optical energy into nanoscale, that is much smaller

than the diffraction limit. Surface plasmons come into existence only at the inter-

faces of materials having oppositely signed dielectric constants (eg. metal-dielectric

interface) via coupling of photons into plasmons. There are two fundamental plas-

monic excitations, surface plasmon polaritons (SPPs) and localized surface plasmons

(LSPs). Former propagates on planar metal-dielectric interfaces, while the latter is an

oscillation on closed surface of a nanostructure. SPP’s will be introduced in but not

be discussed to details in upcoming sections as the LSP, which is the main interest of

this thesis.

2.1 A Brief History

The first known application of surface plasmons in the history of humankind is a piece

of art known as Lucurgus Cup, most probably accidentally manufactured in the fifth

century and become famous because of its unique response to light. What attracted

people’s attention to this piece was the color difference of reflected and transmitted

light, see Fig.2.1. Today one can still see some church windows that unknowingly use

the surface plasmons. The scientific explanation of how such phenomena occurred

surfaced much later than its practice.
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Figure 2.1: Famous Lycurgus cup. Left: Front illuminated , Right: Back illuminated

First controlled experiments on the subject is conducted in 19th century by Michael

Faraday (1781-1867), he synthesized colloidal solutions composed of gold nanopar-

ticles, examined them and called it Activated Gold [25]. About 40 years later than

Faraday’s work on synthesis of colloidal gold particles; Richard Zsigmondy managed

to observe colloidal gold particles with the ultra-microscope that he invented [26].

This followed by the theoretical calculations made by Gustav Mie (1869-1957) [27]

by solving Maxwell’s equations for absorption and scattering properties of spheri-

cal metal nanostructures. The calculations made by Mie are still used widely by

plasmonics society [28, 29]. Robert Wood discovered another interesting plasmonic

phenomenon in 1902 [30]. When studying reflections from metallic gratings he found

spectral features he could not explain. Later they turned out to be surface plasmon

resonances excited in the gratings [31].

The term plasmon is used by David Pines for the first time to describe high frequency

electron oscillations that occurs in metals in the 1950s [32]. Plasmon is a quasipar-

ticle resulting from quantization of plasma oscillations. in the mid 1970s, Martin

Fleischman ans Richard van Duyne and coworkers observed intense Raman scatter-

ing signals from molecules on rough metal surfaces and called it surface enhanced

Raman scattering (SERS). It was recognized that SERS is due to strongly enhanced

local electromagnetic fields generated by surface plasmon resonances.

Until the end of 20th century researches on subjects occupying surface plasmons

handled independently, one of the turning points leading a unified understanding was

the observation of extraordinary optical transmission (EOT). EOT is transmission of

light from sub-wavelength apertures on thick metal films several orders of magnitude
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higher than the predicted values [33, 34]. This effect explained by plasmon reso-

nances that occurs in the apertures. Possibility of confinement and control of light

in sub-nanometer scale highly increased the popularity of plasmonic interactions and

the field of plasmonics was born and shaped as it is today.

2.2 Theoretical Considerations and Applications

2.2.1 SPPs and LSPs

As previously mentioned surface plasmon subject includes two main interactions

SPPs and LSPs. SPPs are surface electromagnetic waves that guided through the

surface of metals at the metal-dielectric interfaces. They can propagate on the sur-

face for tens to hundreds of micrometers and fades away because of absorption in the

metal and scattering through the dielectric medium (Figure 2.2 a). A comprehensive

information on SPP’s can be found in Maier chapter 2 and 3 [35].

Figure 2.2: Left: Surface plasmon polaritons generated on a metal dielectric surface. (b) Excitation

of a localized surface plasmon resonance in a metal nanoparticle by an incident radiation

Plasmonic interaction of sub-wavelength metal nanoparticles with light called LSPs.

When a metal nanoparticle with much smaller size than electromagnetic wavelength

is under an external oscillating field, it experiences its effects on its electron sub-

system [36] (Figure 2.2 b). A metal nanoparticle can be seen as a resonator of

electrons with moderate damping. Closed surface of the metal nanoparticle exerts

restoring forces to the electrons driven by the field. This arises resonance modes.

The resonant oscillation amplitude can by far surpass excitation amplitude, this cor-
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responds to strong local enhancement of electromagnetic field in the vicinity of the

particle [37, 38, 28].

2.2.2 Polarizability of a Nanoparticle: Quasi-static Approximation

When the particle diameter is much smaller than the wavelength of exciting light

quasi-static approximation can be used to simplify field distribution problem to a

metal particle under constant field. Time dependence term arising from oscillating

field can be applied to the solution later. For simplicity, consider a spherical metal

nanoparticle of radius a inside a dielectric medium. Let, ~E = E0ẑ, the dielectric func-

tion of the surrounding medium be εm and the dielectric function of sphere be ε(ω).

Solution of the Laplace’s equation for spherical conductor under constant electric

field can be used to calculate the field inside and outside of the sphere. Electric

potential inside and outside of the sphere can be written as:

Φin(r,θ) =
∞

∑
l=0

AlrlPl(cosθ) (2.1a)

Φout(r,θ) =
∞

∑
l=0

[
Blrl +Clr−(l+1)

]
Pl(cosθ) (2.1b)

Where Pl(cosθ)is the Legendre polynomials of order l and θ is the angle between

position vector and the z-axis.

The boundary conditions at r→ ∞; Φout →−E0z = E0rcosθ . This implies that B1 =

−E0 and Bl = 0 for l 6= 1.

Al and Cl can be found from the boundary conditions at the interface (r = a), corre-

sponding boundary conditions are:

−1
a

∂Φin

∂θ

∣∣∣∣
r=a

= −ε0εm
∂Φout

∂θ

∣∣∣∣
r=a

(2.2a)

for equality of tangential components of electric field and;

−ε0ε(ω)
∂Φin

∂ r

∣∣∣∣
r=a

= −ε0εm
∂Φout

∂ r

∣∣∣∣
r=a

(2.2b)

for normal components of electric displacement.
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Application of these boundary conditions leads to Al =Cl = 0 for l 6= 1. The potentials

evaluates as:

Φin =−
3εm

ε(ω)+2εm
E0rcosθ (2.3a)

Φout =−E0rcosθ +
ε(ω)− εm

ε(ω)+2εm
E0a3 cosθ

r2 (2.3b)

Equation 2.3b describes a superposition of the applied field and a dipole at particle

center. When a dipole moment term (~p) introduced, the equation 2.3b becomes;

Φout =−E0rcosθ +
~p.~r

4πε0εmr3 (2.4)

where

~p = ~E04πε0εma3 ε(ω)− εm

ε(ω)+2εm
(2.5)

The polarizability (α), is introduced as ~p = ε0εmα ~E0, and found as;

α = a3 εm(ε(ω)− εm)

ε(ω)+2εm
(2.6)

It is clear from equation 2.6 that polarizability experiences a resonant enhancement

at;

Re[ε(ω)] =−2εm (2.7)

This result is very important in understanding optical phenomena arising from metal-

lic nanoparticles. The frequency of this resonance falls into the visible spectrum only

for gold and silver [35]. To understand the resonance phenomena better; an intro-

duction about optical properties of metals will be given in the next subsection before

going further into resonance properties of plasmonic structures.

2.2.3 Dielectric Function of Metals

Optical properties of metals can be explained by a electron plasma model over a lim-

ited frequency range. This approach is also called Drude model for optical properties

of metals. In plasma model a free electron gas is driven by an external electric field.
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Although the model is not completely realistic for noble metals at optical frequencies,

it is a good place to build our understanding about optical properties of metals.

Motion of electrons (with effective mass m) is damped by collisions that occurs with

characteristic collusion frequency γ . Equation of motion for an electron of plasma

that is driven by an external electric field ~E(t), can be written as;

m~̈x+mγ~̇x =−e~E(t) (2.8)

Taking into account ~E(t) = ~E0e−iωtyields;

~x(t) =
e

m(ω2 + iγω)
~E(t) (2.9)

Total macroscopic polarization of the electron gas can be found by multiplying each

electrons contribution with number density of electron gas and electron charge

~P(t) =− ne2

m(ω2 + iγω)
~E(t) (2.10)

Electron cloud can be considered as a linear isotropic media, where ~P = ε0χ~E, where

χ = ε−1 [39],

ε0(ε(ω)−1) =− ne2

m(ω2 + iγω)
(2.11)

By substituting plasma frequency ω2
p = ne2

ε0m into equation 2.11, we get complex di-

electric function of the electron plasma as

ε(ω) = 1−
ω2

p

ω2 + iγω
(2.12)

We can separate this into imaginary and real parts of equation 2.12 as;

Re[ε(ω)] = 1−
ω2

pτ2

1+ω2τ2 (2.13a)

Im[ε(ω)] =
ω2

pτ

ω (1+ω2τ2)
(2.13b)

τ is relaxation time of electron gas, which is inverse of characteristic collision fre-

quency; γ = 1
τ

[40].

When ω > ωp the response of metals is called transparency regime. The electron

plasma cannot support frequencies higher than the plasma frequency. When the ex-

citing frequency is higher than the plasma frequency, metals does not retain their
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metallic character. They simply transmit incoming radiation. It is wise to consider

just ω 5 ωp region when examining equations 2.13a and 2.13b.

The dielectric function found in equation 2.12 by Drude model for optical properties

of metals is valid at low ω values. The imaginary component of the dielectric function

increases when photon energies are above the threshold of transitions between elec-

tronic bands. Transitions induced by these photons are called interband transitions.

For some metals like gold and copper, interband transitions occur at the visible fre-

quencies, this causes absorption of some frequencies, which gives them their specific

color. Interband transition effects are clearly visible in Figure 2.3 and 2.4 for Au and

Ag respectively [35]. As seen in the graphs interband transitions are more effective

for Au in the visible range, making Drude model inadequate. For Ag however; the

model seems to be valid in the visible range.

Figure 2.3: Dielectric function of metals by Drude model (solid line) fitted to experimental values for

the dielectric fuction of gold (green dots) [41]. Interband transitions limit the validity of this model

and higher frequencies. Adopted from [35]

Figure 2.4: Dielectric function of metals by Drude model (solid line) fitted to experimental values for

the dielectric fuction of silver (green dots) [41]. Adopted from [35]
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2.2.4 Absorption and Scattering

The polarizability found in equation 2.6, experiences a resonant enhancement at;

Re[ε(ω)] =−2εm (2.14)

The spectral position of the resonance is very sensitive to small changes of surround-

ing medium especially for gold nanoparticles (figure 2.3). According to the Drude

model the resonance frequency red-shifts as the dielectric constant of surrounding

media increases.

Electric fields inside and outside of the particle can be evaluated by applying ~E =

−∇Φ to equation 2.3b and 2.3a. It results;

~Ein = E0
3εm

ε(ω)+2εm
(cosθ r̂+ sinθθ̂) (2.15a)

~Eout = E0(cosθ r̂+ sinθθ̂)+
(ε(ω)− εm)a3

ε(ω)+2εm

1
r3 E0(cosθ r̂+ sinθθ̂) (2.15b)

Near the surface of the nanoparticle where a∼ r equation 2.15b simplifies to:

~Esur f ace ' E0(cosθ r̂+ sinθθ̂)+
(ε(ω)− εm)

ε(ω)+2εm
E0(cosθ r̂+ sinθθ̂) (2.16)

At resonance where Re[ε(ω)] = −2εm a very strong near field enhancement is ex-

pected. Near field strength |~En f |2 drops as distance from the particle increases. Up to

order of 105 field enhancements are possible [42].

Scattering and absorption coefficients of a small particle can be calculated as:

Cscat =
k4

6π
|α|2 = 8π

3
k4a6

∣∣∣∣ ε(ω)− εm

ε(ω)+2εm

∣∣∣∣2 (2.17a)

Cabs = kIm[α] = 4πka3
[

ε(ω)− εm

ε(ω)+2εm

]
(2.17b)

From scattering and absorption coefficients, it must be noted that at resonance fre-

quency both scattering and absorption is enhanced. Remark should be made here

to the size dependencies, absorption is dominated for small particles while as parti-

cles size gets bigger scattering becomes the more dominant effect, thus increasing the

scattering portion of incident energy (Figure 2.5)
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Figure 2.5: Scattering crosssections of silver nanoparticles with different particle diameters

One should note all off these results are found with imperfect theories, based on many

approximations and only viable when many conditions are matched. However they

perfectly explain the plasmonic resonance phenomena in easier terms.

It should also be noted that the polarizability’s resonance condition is highly depen-

dent on particle shape as seen in the figure 2.6, Observed resonance positions highly

dependent to the shapes of nanoparticles.

Figure 2.6: Plasmonic resonance of particles with diffrent geometries. Adopted from [36]
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2.2.5 Coupling of Close Plasmonic Nanoparticles

Individual plasmonic oscillations in close plasmonic particles can couple via their

near field interactions, this results coupled plasmonic resonance modes. In a simpler

case; when two metal nanoparticle are in proximity with each other, near fields of

these particles can interact with each other. The electric field felt by each particle is

the superposition of incident field and the near field of the other particle.

~E = ~E0 +~Enear (2.18)

This interaction results coupled plasmon resonance modes and the resonance position

shifts to lower frequencies [43]. Storhoff et al. examined the red shift of resonance

wavelength on an assembly of closely packed gold nanoparticles. Increasing number

of particles in the assembly and decreasing interparticle distance are found to increase

total amount of the red shift when compared to isolated particle resonance position

[44].

A more intuitive investigation on plasmon coupling has been made with metal nan-

odisk dimers fabricated with electron beam lithography (EBL) with different inter-

particle distances. It has been found that plasmon coupling is polarization dependent.

Figure 2.7 shows total red shift of extinction spectrum of nanodisk dimers with differ-

ent gaps between the disks when illuminated by polarization parallel and perpendic-

ular to interparticle axis. It is clearly observed that redshift of resonance wavelength

occurs when the incident light is parallelly polarized to the interparticle axis indicat-

ing formation of plasmon coupled resonance modes, as expected the shift is increased

as interparticle distance is decreased. On the other hand almost no shift observed for

polarization perpendicular to the interparticle axis [28, 43, 45].
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Figure 2.7: (a) SEM image of EBL fabricated 88 nm diameter gold nanodisc dimers. 12 nm interpar-

ticle separation. (b) and (c) show experimentally found extinction spectra of the array of dimers that is

obtained by microabsorption spectroscopy for polarization along the interparticle axis and polarization

orthogonal to the inter-particle axis respectively. Compared interparticle gaps are 2, 7, 12, 17, 27, and

212 nm. Adopted from [45].

2.2.6 Plasmon Enhanced Optical Nonlinearities

Strong localized electromagnetic near field resulting from plasmonic resonances may

enhance nonlinear optical effects of surrounding medium in the vicinity of metal nano

structures. The probability of nonlinear optical effects in a medium depends on the

field strength superlinearly. The response of a material to electromagnetic field is

described by the polarization of the material as:

P = ε0

[
χ
(1)E +χ

(2)E2 +χ
(3)E3 + ...

]
(2.19)

where χ(n) is the nth-order susceptibility of the material. Higher order terms corre-
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sponds to respective nonlinear optical processes. Figure 2.8 shows some fundamental

nonlinear optical processes; Two photon excitation (TPE) and second harmonic gen-

eration (SGH) are second order nonlinear processes while coherent anti-Stokes Ra-

man scattering (CARS) resulting from degenerate four wave mixing is a third order

nonlinear process.

At low field intensities higher order terms may be omitted, however at high intensities

they may reach considerable levels [39]. Strong near field enhancements may greatly

enhance nonlinear effects as they are superlinearly dependent to the field intensity.

Figure 2.8: (Left) Two photon excitation, where two photon is absorbed by the material and flures-

cence signal is emitted. (Middle) Second harmonic Genaration, where two photons are absorbed and a

photon with half wavelength is emitted. (Right) coherent anti-stokes Raman scattering (CARS), where

two photons stimulate selected vibrational mode. Adopted from [46].

Symmetry of material is a constraint for nonlinear optical effects. While third order

effects are supported by any geometry, it is very cumbersome to observe second order

effects with centrosymmetric materials [28, 47].

Recent theoretical work by Turkpence et al. shown that nonlinear processes can be

controlled by interaction with a molecule or quantum dot sandwiched between two

metal nanoparticles (MNPs). Strong local electromagnetic field between the particles

(Figure 2.9).
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Figure 2.9: Top: Two metal nanoparticles and a quantum emitter ,with level spacing of two incident

energy, between them. Bottom: Second harmonic response induced by incident frequency at coupled

plasmon resonance mode of the dimer. Reprinted with permission from [20].
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CHAPTER 3

SURFACE NANOSTRUCTURING

Fast emerge of nanotechnology has led development of many surface patterning tech-

niques for the fabrication of micro and nano scale altered devices. This section will

give an overview over common techniques, as well as their advantages and disadvan-

tages over each other. Surface nanostructuring approaches can be divided into 2 parts

as controlled approaches and self assembly of structures. Former, has some level of

control over generated structures while latter depends on self assembly of structures

in a system that is given some directions with initial conditions.

3.1 Controlled Approaches

Controlled structuring techniques are widely used as they allow some level of control

over every structure to be generated. There is generally a trade off between speed

and level of control, which ultimately limits area compatibility of nanometer scale

fabrication.

Resist films are generally the workhorse of most controlled and even uncontrolled

lithographic methods. Resists in lithography is a sensitive material to radiation that

changes its solvability in certain developers when exposed with that radiation, this

radiation can be light as well as electron or another particles. Commercial resists are

named with the type of irradiation that they are sensitive to i.e. photoresist (PR) or

electron beam resist. Either negative tone or positive tone photoresists can be used.

If a positive tone photoresist used, exposed places decomposes in developer and it

is vice versa for negative tone photoresist. Both positive and negative resists can be
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found commercially with different properties. There are also some photoresists that

can be used either as negative or positive when applied with different recipes (eg.

AZ-5214 image rehearsal photoresist).

3.1.1 Direct Laser Writing (DLW)

A modulated laser beam scans the surface of a photosensitive material with desired

fashion using reflected laser beam from galvanometric scanners. However, some

amount of total radiation energy is required to alter properties of the photosensitive

film, generally ultra-fast pulsed lasers are used to meet these requirements in short

exposure times. This increases the cost of the system. Wavelength of the laser is

the main limit on the minimum feature size. Generally near infrared lasers are used

because of their availability which limits the feature sizes to micrometer range. To

sum up DLW is fast and convenient for generating various structures with micrometer

features. Lasers with far UV outputs (several hundreds of nm wavelengths) has been

utilized for better resolution with DLW [48].

A more advanced version of DLW is called multiphoton lithography, With multipho-

ton lithography 3-D patterns can be generated by usage of a nonlinear optical process

called two photon absorption. The used photoresist in multiphoton lithography is not

sensitive to laser wavelength; but, its second harmonic (half of its wavelength). Since

second order optical nonlinear processes are very rare at low intensities and proba-

bility of SGH proportional to square of the incident intensity ; in the close vicinity

of focal point of laser beam, SGH probability highly increases exposing photoresist

in the close vicinity of focus of the beam. When a negative tone photoresist is used,

after development only the areas exposed with the close vicinity of the focal point of

the beam stays on the surface while rest of the PR dissolves. An example structure

fabricated with multiphoton lithography is given in figure 3.1 [49].

3.1.2 Electron Beam Lithography

Similar to DLW, electron beam lithography (EBL) consists of controlled maskless ex-

posure of a resist surface. Instead of light, electrons are used and magnetic condenser
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Figure 3.1: 18 point spiked star and 4 chain links micro-structure fabricated with multiphoton lithog-

raphy. Adopted from [49].

lenses are used to control scanning beam. As in any photolithography, exposed or

unexposed parts dissolves in the developer. EBL is used to generate high resolution

structures on the surfaces and minimum features are within sub-ten nanometer range.

Since the size of the beam at the focal point may reach sub-nanometer range, mini-

mum feature size achievable is mostly governed by the exposure characteristics of the

resist film. Most frequently used resist for electron beam is poly(methyl methacrylate)

(PMMA), though some photoresists, like SU-8 negative tone and AZ-5214 image re-

hearsal, are both sensitive to UV and e-beam radiation. Minimum feature sizes as

small as 4 nm and half pitch size (half periodicity of repeating structures) can be ~5

nm [50, 51, 52]. E-beam writing is extremely slow because of high dosage needs

of resist films and dot by dot serial fashion writing of structures. Writing speed can

be up to ~20 minutes for even 100x100 micrometer square areas. Slow throughput

decreases large area reliability.

3.1.3 Scanning Probe Lithography

Scanning probe lithography (SPL) is an application of scanning probe microscopes

(SPM). SPL works by fine moving a very sharp tip on the surface to change surface

properties of the substrate by heating, scratching, oxidizing, exposing or transferring

of particles [54]. Although; each have a specific applications, the last one is more

commonly used. Transferring of particles with an scanning probe system, also called

dip-pen lithography; works by grabbing one or more particles that are distributed

on the surface and placing them to desired places. Best resolution (molecular level)
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Figure 3.2: Left: Schematic illustration of an electron beam lithography setup; Right: A state of the

art EBL generated pattern (retrieved from [53]).

among all other lithography methods is achieved by dip-pen lithography [55]. Al-

though the resolution is very high, throughput is incredibly low with SPL. Large area

structuring with many features would be impossible using any of the SPL methods.

SPL methods widely used for proof of principle experiments on very small areas [14].

Figure 3.3: Schematic illustration of dip pen lithography (retrieved from [56]).

3.1.4 Photolithography

In photolithography, surface is structured with the features of a pre-fabricated pho-

tomask. A photosensitive film is exposed through the features on the photomask with

UV radiation. The features are transferred to underlying resist after the development.

Many samples can be structured fast and conveniently with the same features as the
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Figure 3.4: Atom by atom manipulation of xenon atoms on cooper surface to generate an artificial

ring of 7 nm diameter with scanning tunneling microscope. The artifical ring is called quantum corral

which confines the electrons on a metal surface [57].

used photomask, that made the photolithography a workhorse for commercial IC fab-

rication. Photomasks are still fabricated by other controlled methods (usually DWL

or EBL) but after fabrication of photomask, they can be reproduced very easily. Main

limitation of photolithography is feature size that is limited by the diffraction limit of

used illumination source. Standart UV photolithography uses visible g-line (436 nm)

and UV i-line (365 nm) that cannot handle sub-micrometer features. This limitation

led the evaluation of illumination lamps and optics through lower wavelengths. Deep

UV lamps and lasers are developed and used for smaller features (~500 nm). Extreme

UV sources (~13.5 nm wavelength) and even X-ray sources (~0.5 nm wavelength)

developed for high resolution photolithography . Photolithography with X-rays can

support features that is smaller than EBL supports. [58, 59].

Figure 3.5: Illustration of a typical photolithography process.
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3.1.5 Nanoimprint Lithography

Nanoimprint lithography (also known as soft lithography) is used to transfer fabri-

cated structures on desired surfaces like photolithography. Nanoimprint lithography

works the same way as an old typewriter, where pre-fabricated letter stamps transfer

letters to paper with ink. In nanoimprint lithography, transferring can be done by sev-

eral ways like transferring of molecules (Figure 3.6) or stamping a heated polymer

and cooling. It promises high throughput, high resolution with relatively lower cost,

compared to photolithography. Moreover limitations of photolithography caused by

diffraction limit of light is not an issue for nanoimprint lithography [60, 56].

Figure 3.6: Schematic illustration of nanoimprint lithography by transfer of molecules.

3.1.6 Interference Lithography

Interference pattern of multiple coherent light beams can be used to expose photore-

sist to generate periodic structures on the surfaces. To generate patters a coherent

laser beam is divided into multiple beams and beams are expanded to cover the sur-

face. Beams traveled different distances, meets again at the surface and generate an

interference pattern because of the phase difference between the beams (fig 3.7).

24



Figure 3.7: Schematic illustration of interference lithography.

3.2 Self Assembly of Nanostructures

Self assembly of nanostructures is a promising method for large area fabrication of

nanostructures with low cost and effort. Approaches up to now focuses on the use

of colloidal nanoparticle solutions to decorate surfaces with self assembled colloidal

particles. Usage of colloids for surface structuring is called colloidal lithography.

Colloidal lithography found its deserved value in nanotechnology only in recent years.

Advances in the area have increased the variety of practical methods. Advancements

in the synthesis methods make it possible to easily obtain highly monodisperse and

dense particles with a variety of shapes and materials economically with various sizes.

Colloidal lithography is a fast, cost effective way to fabricate nanoscale devices [61,

62, 63].

Colloidal lithography is based on the deposition of colloids to surfaces. Deposited

colloids can be used as the final structures, they also can be used as a sacrificial or

permanent masks for the deposition of final structures (like photoresist in some con-

trolled approaches). Spherical particles can be deposited to the surface either close

packed or non-close packed, there are several methods to obtain both with precision

and speed. To understand colloidal deposition more thoroughly, a quick examina-

tion of effective forces defining stability of colloidal solutions is given in the next

subsection.
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3.2.1 Colloidal Dynamics in an Aqueous Solutions

Colloidal particles generally synthesized and used in aqueous solutions. Dynamics of

an aqueous colloidal system is governed by two main kinds of forces. That are van

der Waals attractive forces and electrostatic repulsive forces.

Intermolecular dipole attractions of molecules at short distances are called van der

Waals forces. Three types of individual van der Waals dipole potentials are Keesom,

Debye and London potentials. All three are inversely proportional to the sixth power

of distance and can be added to obtain total van der Waals interaction potential;

UvdW =− C
d6 (3.1)

where C is the constant of proportionality that contains all three individual contribu-

tions [64, 63].

Charged surfaces that occur either by chemical manipulation of the surface prop-

erties, adsorption of ions or by dissociation of surface groups, brings electrostatic

repulsion to colloidal solutions that keeps particles from coagulation. Nature of the

electrostatic forces in colloidal solutions is best described with Stern double layer

theory [63]. According to Stern double layer theory, the vicinity charged colloidal

surfaces are covered with a rigid counter ions called Stern layer, and a diffuse layer

with non-bound ions as distance gets larger. The surface potential is inversely propor-

tional with the distance at Stern layer until it reaches the Stern potential (ψ0), while it

exponentially decays at diffuse layer as distance gets higher (Figure 3.8).

Figure 3.8: Electrostatic potential (ψ) versus distance diagram according to Stern model of electric

double layer.
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DLVO theory combines these two forces at work into one basic theory of colloidal

stability , Total interaction potential is obtained by adding individual potentials:

UDLVO(d) =UvdW (d)+ψ(d)+UBorn(d) (3.2)

Figure 3.9: Total interaction potential of two spherical colloids in an aquaeus solution as a sum of

individual contributions according to DLVO theory (Red line) [63].

Total interaction potential of two equal spherical colloidal particles according to

DLVO theory is shown in Figure 3.9. Born repulsion Uborn is dominant at very

small distances that prevents particles from overlapping. A minimum is observed

at small distances because of the strong van der Waals forces (I). This primary min-

imum means irreversible coagulation of two particles in terms of colloidal stability.

If electrostatic repulsion is strong enough, a maximum is induced at higher distances

(II). The height of this energy barrier, defined by the electrostatic potential strength

and electrolyte concentration in the solution is the main factor determining stability

of the colloidal solutions dispersion. And finally a secondary minimum is observed

at larger distances (III). The second minimum is referred as flocculation and it is

reversible.
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3.2.2 Close packed deposition of colloids

Close packed deposition of spherical particles can be used to fabricate highly ordered

periodic structures over large areas. Deposition can be achieved by several ways .

Controlled evaporation is one of the easiest method for generating close packed col-

loidal monolayers. In the simplest case, a drop of colloidal solution is dripped onto

the surface to be coated, after evaporation of solvent, close packed colloidal monolay-

ers are obtained. When the liquid film evaporates, colloidal particles gets dragged to

each other by capillary forces (Figure 3.10). Vertical deposition is another method for

deposition of closely packed monolayers on the surface. It works by a slow vertical

withdrawal of pre dipped substrate from a dense colloidal solution. Vertical deposi-

tion is method is also known as Langmuir Blodget method. The colloids proceeds

to drying front and forms crystalline structure on the substrate surface (Figure3.11).

Spin coating is also observed to be possible, which employs faster evaporation rates.

electrostatic and electrophoretic deposition methods that uses electrostatic forces to

deposit monolayers, used by several groups with success. In electrostatic deposition a

pre charged surface is used to attract colloids inside the solution while electrophoretic

deposition uses conductive substrates as electrolytes to induce electrostatic assembly

[65].

Figure 3.10: Illustration of controlled evaporation method.

Nanosphere lithography is one of the most exercised colloidal lithography methods,

uses self assembly of close packed colloidal monolayers on the surfaces, by evapo-

ration through the empty spaces and removal of nanoparticles highly ordered nanos-

tructures can be fabricated over large areas with desired sizes (Figure 3.12).
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Figure 3.11: Illustration of vertical deposition method.

Figure 3.12: Illustration of nanosphere lithography to obtain hexagonal crystal structures (a)

Nanosphere deposition (b) Material deposition (c) Surface after removal of the nanospheres.

3.2.3 Non-close packed Deposition of Colloids

Non-periodic monolayer deposition can easily be achieved by the help of electrostatic

forces. Since the surfaces of colloidal particles are charged an opposite charge on the

surface makes particles to adhere to the surface, while repulsive electrostatic forces

between them keeps them apart. After this kind of deposition, surfaces are left with

randomly deposited, non-periodic and isolated particles. This deposition method used

in the experiments conducted for this thesis because of its effectiveness and ease.Since

periodic non-close packed deposition is relevant with this thesis, several methods

will be discussed since one of these methods can be employed, as well for periodic

structure fabrication using hole mask colloidal lithography.

Non-close packed periodic sphere deposition can be divided into two approaches,

using close packed monolayers and direct deposition. Isotropic size reduction [66,

67, 68] and expanding an elastomeric substrate [69, 70] are the two successfully
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employed methods using closely packed monolayers for obtaining non-close packed

monolayers (Figure 3.13).

Figure 3.13: Generation of non-close packed monolayers from close-packed arrangements. (a)

Plasma-assisted size reduction (b) Stretching of an elastomeric substrate.

Figure 3.14: Transfer of non-close-packed monolayers from the hexane-water interface to solid sub-

strates. (a) Assembly of colloids at the interface (b) Vertical removal of immersed substrate with a

slight angle (c) Resulting non-close-packed monolayer on the solid substrate.

Spin coating of non-close packed periodic monolayers is possible by with several

chemical steps, using macroporous Polymer Membranes [71].

Another method that can be used is interface coating. When nanosphere solution

is slowly put in an oil-water interface, the particles are trapped in two dimensional

interface (Figure 3.14). Particle density can be decreased or increased, every time

preserving a constant interparticle distance of particles from each other. Then pre

dipped oppositely charged angled sample is pulled out very slowly. When the sample
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passes through the interface, trapped particles adheres and fixes to the surface of the

sample, preserving their periodic fashion [72, 73].

A brief comparison of common surface nanostructuring methods is given in Table

3.1. As it seems HMCL is strong in almost every comparison criteria.
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Table3.1: A comparison of common micro and nano structuring methods and HMCL. Comparison
includes; range of , minimum feature size, structure variety and cost of the system .

Lithography Area Resolution
Variety &

Authenticity
Cost

Direct Laser Writing

(DLW)

Moderate

(mm’s)
Sub µm

Very High (even

3D structuring

possible)

Moderate

Electron Beam

Lithography (EBL)

Low (Few

Hundreds of

µm’s)

several nm’s High High

Focused Ion Beam

Lithography (FIBL)

Low (Few

Hundreds of

µm’s)

several tens of

nm’s
High High

Scanning Probe

Lithography (SPL)

Very low (nm’s

to µm)
Molecular Very High High

UV&DUV

Photolithography
Large (cm’s) ≥200 nm

Limited (bound

to other

methods)

Low

Extreme UV

Photolithography
Large (cm’s)

Several tens of

nm’s

Limited (bound

to other

methods)

High

Nanoimprint

Lithography
Large (cm’s) nm’s

Limited (bound

to other

methods)

Low

Interference

Lithography
Large (cm’s) 100 nm

Moderate (only

interference

patterns of two

or more beams)

Moderate

Colloidal Lithography
Very large (10s

of cm’s)
nm’s

Low (only

several

geometries

possible)

Very low

Hole Mask Colloidal

Lithography

Very large (10s

of cm’s)
nm’s Very High Very low
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CHAPTER 4

HOLE MASK COLLOIDAL LITHOGRAPHY

4.1 A Hybrid Technique

Colloidal term in hole mask colloidal lithography (HMCL), suggest that it is a type of

colloidal lithography. It takes advantage of easy deposition of spherical nanoparticles

over large areas. Isolated non-close packed random deposition of colloidal spheres

can easily be applied to large areas with controllable surface coverages. Colloidal part

in HMCL only determines the places of the hole masks on the surface. Hole mask

part of HMCL on the other hand, is a novel method that takes advantage of highly

directional nature of thermal evaporation. In thermal evaporation materials deposited

isotropically such that the deposition nature can be visualized like light emitted from

a point like source. As any non-transparent object in the way will block the light and

generate a shadow behind, material evaporation can be shadowed the same way. A

mask that placed a known distance away from the surface shadows some parts of the

surface from coating, the distances of source to hole mask and hole mask to substrate

are not comparable such that deposition can be viewed as parallel coming from a

distant source. When an constant angle is introduced between surface normal vector

and evaporation direction, deposition position can be controlled. After removal of the

mask, if the angle kept constant, surfaces are left with cylindrical particles or disks

with the same diameter as holes at desired places on the surface (Figure 4.1).

Extended control over x-y plane geometrical freedom can be obtained by giving the

sample holder ability to rotate in situ with material evaporation. One can consider

two independent geometries to easily comprehend structural variety and limitations.
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Figure 4.1: Right: Angled deposition through hole mask, Left: Position of evaporated disk through

the hole can be precisely controlled

Azimuthal and polar angled deposition geometries are the two possible geometries

(Figure 4.2). Structures with this method can be fabricated with any of these geome-

tries and their combinations.

Figure 4.2: Freedom of HMCL in x-y plane with rotating angled deposition (a) polar angle geometries

(b) azimuthal angle geometries

One obvious advantage of HMCL is its freedom on thickness of structure. Since evap-

oration thickness is highly controllable and monitorable (in angstrom scale) Desired

part of structure can be thinner or thicker compared to other parts. This delicate z-axis

freedom gives HMCL expanded geometrical possibilities. Moreover clogging effect

makes holes smaller as material deposited through them, making smaller feature sizes
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possible. Some structures fabricated with HMCL by taking 3D control and exploring

clogging effect by Zhao et al. is shown in Figure 4.3.

Figure 4.3: A variety nanostructures fabricated with HMCL. (a) pentamers (b) and (c) Oval structures

(d),(e) and (f) Structures generated by making use of clogging effect. Adopted from [21]

Although many lithographic methods can be used to generate the holes on the mask,

colloidal lithography is the most convenient way, in term of size flexibility and large

area compatibility. With recently developed synthesis technologies colloidal particles

with very low size diversity and high particle densities can be found commercially

with varying sizes ranging from 10 nanometers to millimeters.

HMCL takes advantage of large are structuring capabilities of colloidal approaches

while keeping the ability to fabricate complex geometries with precision (Table 3.1).

That is why it can be considered as a hybrid method.

To generate hole mask at a small distance away from the substrate, desired surfaces

are first coated with a sacrificial layer that can be selectively etched and removed later.

Thickness of this layer should be controllable and uniform over the substrate area, as

structure fabrication depends on it. Polymers are preferable to be used as sacrificial

layer since they can be found with a great variety of properties. After the deposition of

sacrificial layer, non-close packed isolated nanospheres are decorated on the polymer

surface. Aggregation should be prevented to obtain nice holes. Various colloidal

deposition methods can be used for desired surface distributions.
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A thin mask film deposition follows, this film must be durable when compared to

sacrificial layer below. As there are particles on the surface, When the particles are

removed from surface their places is left uncoated. These uncoated parts are the holes

of HMCL.

Figure 4.4: Steps for generation of hole masks

With a selective and highly controllable etch of the sacrificial film through the holes,

the film can be undercutted below the holes. Holes then can be used as evaporation

mask for controlled deposition of structures with angled evaporation. A schematic

illustration of steps for HMCL can be seen in Figure 4.4.

4.2 Equipment and Optimized Procedure

4.2.1 Equipment

To utilize HMCL, different equipment can be used to obtain similar outcomes; for

example AZ 5214 photoresist used along with PMMA in our experiments as the sac-

rificial middle layer; while, Zhao et al. [21], used only PMMA for same purpose.

Various different colloidal nanosphere materials and sizes can also be utilized, even

particles with different surface charge density and charge polarities can be optimized

with polyelectrolytes. Most of the equipment that used in the experiments are read-

ily available in GU̇NAM Laboratories in METU. Several equipment (both chemicals

and devices) or equivalents that are substantial for HMCL are absent, were obtained

from several other laboratories in different departments owing to the friendly nature

of METU professors.

Although much more variety of equipment are used for experimenting only ones that

are used in successfully utilized HMCL procedure are given in the list below. Though
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all are discussed throughout this chapter.

• Clean laboratory environment

All the experiments are conducted in a clean room environment with standart clean

room devices. Moreover, some parts of the process requires yellow room lighten-

ing. Required devices include; fume hood, hot plate, ultrasonic bath and a N2blow

gun. Also standart cleaning chemicals should be present; namely; deionized water,

acetone, isopropyl alcohol, sulfuric acid (H2SO4), hydrogen peroxide (H2O2) and

hydrofluoric acid (HF).

• UV mask aligner and spin coater

A standart spincoater is required to coat photoresist onto substrates. Mask aligner is

only used for flood exposure of hole masked surfaces, another UV source that can

large area expose AZ 5214 photoresist can also be used. In experiments OAI model

500 mask aligner & UV exposure system with a 500W standart ushio UV lamp is

used. Exposure peak power is measured as 13 mJ/cm2.

• Oxygen plasma cleaning device

Oxygen plasma cleaning device plays a crucial role in HMCL. Femto Science: Cute

plasma cleaning system is used in experiments. Although, it is observed to be a little

unreliable for undercutting the holes with high precision; this device is still one of

the most essential equipment for HMCL (see section 4.3.3). This device resides in

Metallurgical & Materials Engineering Department.

• Thermal evaporation vacuum chamber

Both Au film deposition and angled deposition to deposit structures are made inside

a thermal evaporation chamber with a thickness monitor under vacuum (~10−5torr).

Tungsten evaporation boats are used to hold materials to be deposited. Boats, and

highly pure materials are purchased from Kurt J. Lesker Company.
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• Photoresist, thinner and developer

AZ 5214 Photoresist, thinner and AZ 317 mif developer are purchased from Mi-

crochem.

• Positively charged polyelectrolyte solution

Some amount of PDDA (Poly diallydimethylammoniumchloride) (PDAC) borrowed

from chemistry department. PDDA is a positively charged polyelectrolyte with a

relatively high molecular weight. It is bought from Sigma Aldrich, low molecular

weight solution with a concentration of 20 wt% in water.

• Colloidal nanosphere solutions

750 nm Corpuscular brand silicon dioxide carboxyl functionalized and 262 nm Ted

Pella inc. brand polystyrene nanoparticles worked well with this procedure. 750 nm

nanosphere solution density declared as 2.5 wt% solid in its spec sheet, while 262 nm

spheres declared as 1.4x1011 a particles per cc of solution, which corresponds to a

solid content of 0.13 wt% in water.

4.2.2 Procedure

Procedure below is prepared for silicon (Si) substrates. One side polished Si wafers

with arbitrary doping and crystal direction are used. With some preparation glass

substrates can also be used (silanization to be precise). Usage of glass substrates is

discussed in next sections.

1. Cleaning the substrates

Cleaning of samples is important for the proceeding processes to be successful.

Cleaning consists of the usual 3-solvent cleaning subsequently with DI water,

acetone and isopropyl alcohol in an ultrasonic bath for 10 minutes respectively.

Then the samples were dipped in piranha solution (3:1; H2SO4 : H2O2) for

more than 15 minutes under a fume hood to eliminate any organic residues. Si
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samples are dipped in 10% HF solution to remove SiO2 layer, which renders

the surface of the wafers highly hydrophobic to enhance photoresist adhesion.

2. Photoresist Coating

Thickness of this layer is deposited to be twice of used colloidal particle diam-

eter; 1
2 particle diameter to resist thickness ratio well fits for desired amount of

undercutting and angled deposition with reasonable angle values. Clean sam-

ples were coated with AZ 5214 photoresist using a spin coater. Its thinner is

required to have extra control over the thickness since undiluted AZ 5214 pho-

toresist is designed to form about 1.5 µm thick films. Thinner is used to form

layers with 580 nm film thicknesses. 580 nm is preferred instead of 530 nm to

obtain 1
2 particle diameter to film thickness ratio because of the denting effect

that will be discussed later. 1500 nm resist thickness is achieved by spin coat-

ing undiluted photoresist at 3900 rpm spin speed; while, 580 nm film thickness

achieved by spin coating 2
3 diluted resist at 4100 rpm. Deposition carried by

dripping of photoresist to surface until it covers the whole surface. Spin coater

programmed to reach desired speed with high acceleration, hold constant speed

for 45 seconds and slow down with small deceleration. Samples were prebaked

at 100◦C for 1 minute on a hotplate for prebake. It is very important not to

expose samples to any kind of UV radiation after this step until successfully

completing development process.

3. Plasma treatment

Photoresist coated samples are treated with 1 minute oxygen plasma for sur-

face hydrophilization. Figure 4.10 given in section 4.3.3 shows the difference

in wettability for untreated and 1 minute oxygen plasma treated samples. Great

care should be taken not to expose samples to sunlight in this step since expo-

sure may ruin success of the procedure. Samples were carried inside aluminum

foil to block any light.

4. Polyelectrolyte deposition

PDDA solution diluted with DI water to 0.2 wt% and deposited on surface by

dripping the solution to the surface until the whole surface covered. Immedi-

ately after DI-water rinse and N2 blow dry follows. Deposited PDDA density

is observed to be one of the two parameters that defines the surface coverage
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of particles. 0.2 wt% density well fits for experimenting, which then can be

changed for desired surface coverage.

Figure 4.5: Optical microscope showing the surface coverage of nanoparticles after deposition of (a)

750 nm (b) 250 nm particles

Figure 4.6: SEM images of the surface of the photoresist after 0.2 wt% PDDA and 0.125 wt% 750

nm colloidal particle deposition (a) after successful nanoparticle deposition (b) after particle removal,

exposure and development

5. Particle deposition

Nanoparticle solutions are diluted with DI-water to 0.125 wt% for 750 nm and

0.026 wt% for 250 nm particle solution. Prior to coating the diluted solutions

are ulrasonicated for 20 minutes to separate flocculated particles inside the col-

loidal solution. Solutions are then dripped onto substrate until it covers the
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Figure 4.7: SEM images of the surface of the photoresist after 0.2 wt% PDDA and 0.013 wt% 262

nm colloidal particle deposition (a) after successful nanoparticle deposition (b) after particle removal

(c) after exposure and development

surface, covered surface is left to settle for 1 minute and washed with DI water.

A subsequent N2 blow dry is applied. Nanoparticle density is the other param-

eter defining the surface coverage. Optical microscope picture of the surface is

shown in figure 4.5 for both (a) and (b) after this step, respectively.

6. Au film deposition

40 nm of Au film is deposited to particle decorated surface to both block UV

radiation and oxygen plasma etching. It has been found that sample surfaces

should be in electrical contact with sample holder in this step (see Section

4.3.6). Electrical contact is achieved by using a small piece of carbon con-

ductive tape attached to the samples.

41



7. Nanoparticle removal

Particles are removed from the surface by ultrasonication for 10 minutes in DI-

water. After particle removal surface is left with holes on the Au film with same

diameter as removed nanoparticles.

8. Exposure and development

Samples are exposed to UV flood exposure for 10 seconds with the UV mask

aligner system, then developed in AZ 317 mif developer for 2 minutes. Au

film here acted as a photomask so that the exposed photoresist is removed in

development. To obtain undercuts both exposure dose and development time

are kept excessive. In this process most of the undercutting is done in this step,

exposure and development time can be lower for undercutting with plasma etch.

9. Oxygen plasma etching

30 min oxygen plasma session is followed both for removing remnants of pho-

toresist left on the surface and widening the undercuts. Au film acted as oxygen

plasma mask, preventing etching of Au coated parts. The oxygen plasma device

operation was observed not to be very fitting for precise undercutting; probably

because, it’s intended purpose is solely cleaning.

If all the processes done correctly hole masks are successfully generated and the sam-

ples are ready for angled evaporation to generate desired structure geometries. Scan-

ning electron microscope images of substrates after some steps are given in Figure 4.6

and 4.7. Detailed information and discussion about this procedure including how pa-

rameters for each step are decided will be explained in the next section. Conducted

experiments with different equipment; encountered problems, solutions and tricks on

each process are discussed in related subsections.

4.3 Procedure Details

Utilization of HMCL achieved by optimizing process steps explained in previous

section. Most processes have some level of freedom under some minimum and maxi-

mum boundaries (ie. process time, chemical concentration and/or device properties).

For some processes, these boundaries are found to be very narrow, small differences
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in process details diverge into large differences on the results. When all the param-

eters are kept inside these boundaries HMCL is usually successful. Most of these

boundaries were examined throughout the experiments and will be explained in next

sections. Details about each process will be given and other possibilities that are left

to be examined will be discussed. Problems, reasons and possible or definite solu-

tions will be discussed. This section aims to be a comprehensive guide to researchers,

who want to reproduce our procedure and maybe develop it. For this purpose each

observation and problem is discussed throughout the sections. Each subsection is de-

voted on explaining details on each process step. The organization of this section is

designed to be relevant with the order of process steps, experiments are not conducted

within this order.

4.3.1 Glass Substrate Issue

Experiments conducted on both Si and glass substrates, with same cleaning procedure

(without HF dip) glass samples yield very poor results. On particle coating step partial

cracking of photoresist is observed; moreover, resist got almost completely removed

in particle removal step in the ultrasonic bath. The main problem of glass is its highly

hydrophilic nature, which causes poor adhesion to highly hydrophobic photoresist

moreover this hydrophilic nature allows water molecules to stick to the surface even

after blow drying. Any water that is left on the surface spoils photoresist adhesion. To

remove sticking water molecules, glass substrates were heated at 150 ◦C for 2 hours

to evaporate any remnant water molecules. After this process adhesion strength and

stability of photoresist film was highly increased but still did not reach to required

level. Samples prepared this way successfully survived particle coating step, but,

partial cracks observed in ultrasonic particle removal step, and more cracking and

removal is observed in development step. As a result ~75 % of the total area of

samples did not survive, successful holes created on only about 25 % of the total

area.

To successfully use glass substrates for large area HMCL, a more adhesive sacrificial

layer may be used which requires new optimization steps; more favorably glass sur-

faces may be silanized prior to photoresist coating. Silanizing of glass can be done
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with several silanizing agents like triethoxysilane, trimethoxysilane etc. Generally

substrates are left overnight in a diluted solution of silanes to let organofunctional

silane molecules to self-assembly on the surface. Silanization increases hydrophobic-

ity, resulting in an enhanced adhesion of photoresist.

4.3.2 Sacrificial Polymer Layer

AZ 5214 photoresist is used as the sacrificial polymer layer. Thickness of the photore-

sist is optimized for desired 1
2 particle diameter to layer thickness ratio. To optimize

required thickness values spin speed and dilution of resist has been altered and result-

ing thickness values were measured with Dektak profilometer. Thickness measure-

ments yield around 30 nm of deviation, measurements taken from at least 4 different

positions on the sample averaged to get more reliable results. Different spin speeds

and dilutions are used and to finally obtain 1500 nm for 750 nm particles and 580 nm

for 262 nm particles. Measured film thickness values with several concentrations are

given in Table 4.1.

Table4.1: AZ 5214 film thickness with different dilution ratios and spin speeds

3000 rpm 3900 rpm 4000 rpm 4100 rpm

Non-diluted 2 µm - 1.65 µm 1.5 µm
25 % diluted - - 800 nm -

33.3 % diluted - 580 nm 600 nm -
50 % diluted - - 325 nm -

After prebake at 100 ◦C for 1 minute, AZ5214 photoresist becomes photo active, it

is crucial to keep the samples from UV exposure (eg. sunlight) until the development

step. Samples should be kept in a dark environment and all possible proceeding

processes should be applied in yellow room environment.

We tried PMMA (polymethyl methacrylate), a common e-beam resist, to be used as

the sacrificial layer in early stages of the experiments. PMMA is intended to use

for 262 nm and 91 nm particle diameters, to keep 1/2 ratio desired polymer thick-

nesses 530 nm and 180 nm, respectively. For this purpose, PMMA C7 (7% solids in

chlorobenzene) is diluted with its solvent chlorobenzene to C5 which yields around

500 nm thickness at 2500 rpm spin speed and to C3 to obtain around 200 nm thickness
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at 4000 rpm spin speed. Usage of PMMA rules out the exposure and development

step since it is not sensitive to UV radiation and flood electron beam exposure is

not possible with any accessible device. This means that to undercut the holes only

oxygen plasma is possible.

Experiments with PMMA are not brought to the end because of some drawbacks.

One drawback is that oxygen plasma undercutting is not reliable for 500 nm thick

PMMA with used device (more information given on related subsection). For about

200 nm films used with 91 nm particles, undercutting should work with a long plasma

sessions; however, experiments show that surface coverages with enough density is

not achievable with the 91 nm nanosphere solution. Even undiluted deposition yield

poor surface coverages because of highly coagulated solution. To remove coagulated

particles from the colloidal solution a 200 nm filter is used, it worked but this time

density of deposited particle density is observed to be even lower (Figure 4.8). An-

other drawback is impurities on the surface of coated PMMA film most probably

caused by the old the age.

Figure 4.8: Surface coverage of 91 nm spheres on PMMA surface deposited with densest possible

solutions of (a) undiluted colloidal solution (b) filtered colloidal solution

4.3.3 Oxygen Plasma Treatment

Coated samples were treated with a short oxygen plasma session. Plasma treatment

renders hydrophobic polymer surface hydrophilic without changing bulk properties.

increased surface wettability is important for particle deposition step. A brief treat-
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ment is enough since excessive treatment durations will not contribute to surface wet-

tability [74]. More than a minute of plasma treatment is found to be unnecessary since

wettability properties does not significantly increase by longer treatment (Figure 4.9).

Oxygen plasma treatment also alters charge properties of polymer surfaces, an in-

creased negative zeta potential is observed on PVC surfaces after plasma treatment

by Khorosani et al [75]. Increased surface charging is desirable in HMCL procedure

since it will catalyze polyelectrolyte deposition in the next step.

Figure 4.9: Contact angle versus plasma treatment time. Adopted from [74].

Observed wettability is better for AZ5214 photoresist than PMMA after plasma treat-

ment.

Figure 4.10: Same amount of water (100µl) dripped onto (a) untreated and (b) 1 min oxygen plasma

treated photoresist surface
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4.3.4 Nanosphere Deposition

Nanoparticles can be commercially found with various sizes and chemical properties

in liquid colloidal solutions or dry. For deposition of nanoparticles surface charges of

both nanoparticles in solution and surface of the polymer film plays very important

role on the success of deposition. Polymer surfaces are generally negatively charged,

this results in negative surface charges of both the polymer and non-functionalized

nanoparticles. In early stages of experiments before utilization of a positively charged

polyelectrolyte middle layer, several experiments were conducted with no success for

the deposition of well isolated particles on the PMMA surface. Low adherence of

particles because of the repulsive electrostatic forces is the main reason behind it.

Only the controlled evaporation as the colloidal deposition resulted significant sur-

face coverage. It is conducted by a solvent drip and dry it under room conditions

overnight, since all the particles in dripped solution will deposit to the surface after

solvent evaporation, very dilute solutions used (on the order of 10−5 wt%). Con-

trolled evaporation experiments yield poor results as very increased aggregation and

discontinuous surface coverages were observed. (Figure 4.11).

Figure 4.11: Microscope images of particles deposited on PMMA surface with dropping a very diluted

solution (in the order of 10−5 wt%) and letting it self dry, (a) A denser solution (b) a dilute solution

(10−5 wt%). Both show discontinuities on the surface

With a positive polyelectrolyte deposition onto the resist surface, charge polarity of

the surface can be altered to become positive. This way attractive electrostatic forces

between the oppositely charged resist and nanoparticle surfaces makes particle de-
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position much more efficient. Particles adhere to the surface stronger making them

more resistant to flow forces induced by solvent evaporation. With this information

Poly(diallydimethylammoniumchloride) (PDDA) is borrowed from Dr. İrem Erel in

chemistry department. PDDA is a positive relatively high molecular weight polyelec-

trolyte with long molecule chains; that very well fits for desired application. It is

bought from Sigma Aldrich, low molecular weight version with a concentration of

20% wt in water. Deposition conducted by dripping a diluted polyelectrolyte solution

to the surface until whole surface is covered. Immediately after samples are rinsed

in DI-water and N2blow dried. Several experiments with different dilution rates are

made, and well distributed surfaces are obtained. Effect of PDDA density to surface

coverage of deposited nanoparticles is observed. (Figure 4.12). 0.2 wt% PDDA den-

sity is chosen for procedure because it well fits for desired preliminary applications.

Figure 4.12: Effect of PDDA concentration on surface coverage of particles (a) 0.05 wt% (b) 0.2 wt%

PDDA with fixed particle density of 0.026 wt% of 262 nm nanospheres

Experiments conducted with colloidal solutions of; 750 nm Corpuscular brand silicon

dioxide, 262 nm Ted Pella brand polystyrene and 91 nm Ted Pella brand polystyrene

nanospheres. 750 nm nanosphere solution density declared as 2.5% solid in its spec

sheet, while 262 nm spheres declared as 1.4x1011 particles per cc of solution which

corresponds to 0.13 wt% of mass fraction. Effect of particle density to surface cover-

age is examined (Figure 4.13 and 4.14)
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Figure 4.13: 750 nm particle surface coverage with fixed PDDA 0.2 wt% (a) 0.125 wt % (b) 0.25 wt%

Figure 4.14: Effect of varying particle density on surface coverage with fixed PDDA density of 0.2

wt% for 262 nm particle deposition (a) 0.013 wt% (b) 0.026 wt% (c) 0.052 wt% particle mass fractions.

4.3.5 Metal Film Deposition

After nanospheres are successfully deposited on samples a thin Au film of 40 nm

thickness is deposited on the surface to mask UV radiation and oxygen plasma’s etch-

ing effects. Deposition made in a vacuum thermal evaporation chamber.

Optimization of thickness was a little more cumbersome than the previous steps.

Smaller than 40 nm thicknesses of Au film observed that it does not efficiently block

UV radiation resulting destruction of hole masks by solution of whole photoresist in

the developer.

Some experiments with Ag instead of Au is conducted, Nevertheless; it is good for

masking UV radiation, Ag is not a good mask for oxygen plasma. In oxygen plasma

step Ag film is observed to oxidize very fast and surface of the film cracked and
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peeled (figure 4.15). For now Au seems to be the best option for this layer.

Figure 4.15: Damaged Ag surface (a) after 20 minutes (b) after 30 minutes of plasma etching

4.3.6 Premature Separation

After Au film deposition, reduced surface coverage densities are observed. Further

examination of samples under atomic force microscopy (AFM) revealed that nano

particles leave the surface during thermal evaporation process leaving the surface with

blocked half-holes that are no good for HMCL because neither developer nor oxygen

plasma can penetrate the Au film (figure 4.16 and 4.17). We call this phenomena

premature separation of nanospheres.

Figure 4.16: (a) AFM image of substrates after Au deposition (b) upside down 3-D view of another

afm image

After some thought and research on the possible reason or reasons behind premature

separation, the charging of evaporated Au film is found to be the reason [76]. Since

particles are charged too there can be a repulsive force that makes particles leave

the surface prematurely. In figure 4.16 (b) the depth of holes resulted by premature

separation seems to be in a small range and in figure 4.17 the depth of unsuccessful
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Figure 4.17: AFM crossection of a successful hole and a nearby failed hole caused by premature

separation

holes is around 6 - 10 nm, this means that most of the particles are left the surface on

early stages of evaporation.

Premature separation is prevented by grounding sample surfaces to sample holder

in evaporation chamber, a conductive carbon tape is used to make sure surface of

samples are in electrical contact with the sample holder.

4.3.7 Nanoparticle Removal

After a successful deposition of Au film onto the nanosphere deposited photoresist

surfaces, nanoparticles now should be removed to leave holes on the surface of the

Au film. An ultrasonic bath in DI water for 10 minutes is found to be enough for

this purpose for any of the three sizes of particles. Removals made in a floating petri

dish on a water filled ultrasonic bath. Experiments conducted for different times of

this step. Even 2 minutes seems to be enough to remove 750 nm particles since they

are more vulnerable to liquid flow forces due to their size; however, 262 nm and 91

nm particles may stick stronger. 10 minutes ultrasonic bath observed to successfully

work with all three of particle sizes. 4.6 and 4.7

4.3.8 Plasma Etching

Plasma etching of undercuts has already been found to be a successful way for HMCL

[22, 21]. Early experiments are also conducted with the usage of only PMMA as
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Figure 4.18: Partially removed 262 nm particles ofter 2 minutes of ultrasonic bath

the sacrificial layer with only plasma etching to undercut the holes. However, the

oxygen plasma device used in metallurgical department by permission by Dr. Emrah

Ünalan is designed for cleaning purposes, and is not found to be fitting for large depth

undercutting. Etch rates are found to be very low, and long processes yield uneven

etch depths with same etching time. After these observations the device is decided to

be not fitting for the undercutting purpose. Instead a long oxygen plasma etching is

applied at the readily undercutted holes, to clean any resist residues from the surface,

and widen the undercuts a little bit.

4.3.9 Exposure and Development

Inefficiency of oxygen plasma device for etching thick films (>200 nm) make it nec-

essary to find another method for undercutting the holes. For this purpose exposure

and development of a photoresist is fitting, as the hole mask can also be used as a

photolithography mask that is ready on the surface, photoresist is illuminated through

these holes. Even wide undercuts achieved with over exposure and over development.

Undercuts generated on glass surfaces with with 750 nm particle size are examined

with a back illumination optical microscope. 5 sec flood exposure (60 mJ/cm2) and

1 minute of development in AZ 317 mif developer that is the standart procedure of

the AZ 5214 resist recommended by the producer yield poor undercuts. For deeper

undercutting both steps are doubled to 10 sec exposure and 2 minutes development
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which resulted better undercuts (figure 4.19).

Figure 4.19: Back illumination microscope pictures of glass substrates decorated with with 750 nm

holes. Left: 1 min development and Right: 2 minutes development applied.

4.3.10 Uneven Undercutting

Although, well undercuts are achieved with 750 nm hole diameter with over exposure

and over development, usage of 262 nm holes with the same procedure is not as

successful bringing out new issues. One of these issues is uneven undercutting. Some

262 nm holes are well undercutted while some of them are observed to very briefly

undercutted of not undercutted at all (figure 4.20). This issue prevents successful

usage of some holes in angled evaporation step and consequently lowers the overall

surface coverage of evaporated structures.

Uneven undercutting is on some level solved by increased development time (3 min-

utes) (Figure 4.21). However very big undercuts may increase denting of holes that

is discussed in the next subsection.

4.3.11 Denting of Holes

Denting of holes is another issue associated with undercutting with over exposure

and over development. Some denting is observed around the holes. This effect yields

important control problems for 262 nm holes, since depth of the dents are different
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Figure 4.20: Uneven undercuts are observed with 262 nm holes, after over exposure and over de-

velopment. Left: Optical microscope picture of Au film surface, right: SEM picture after particle

deposition.

from hole to hole because of uneven undercutting 4.22.

Larger dents are observed around close distanced holes, this means that large under-

cutting until two independent undercuts merge results an enhanced denting on the

surface, that makes material deposition even more unreliable. as dent depths can

reach up to 100 nm. The control problems associated with denting of holes is error

on evaporation position, If all the dents are nearly equal in depth, like it is for 750

nm holes, denting is not a big concern because the polymer thickness or evaporation

angle can be altered to overcome it. however uneven denting observed on 262 nm

holes, since the evaporation position will be different for different structures, low-

ers the credibility of HMCL. Figure 4.23 shows dimer distance variations caused by

uneven denting.

that uneven denting resulted varying inter-particle distances between individual parti-

cles. Inter particle distance of the dimer on the right side seems to be bigger because

of less denting on that hole.

Denting effect is probably associated with the forces occurring during the evaporation

of developer. No dent is expected on a completely oxygen plasma etched hole masks.

Increasing the development time to generate undercuts from all the holes resulted

enhanced denting of the surface. There seems to be a trade off here, either loose
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Figure 4.21: Optical miscroscope picture of 3 minutes developed sample with 262 nm holes.

some of surface coverage or reliability of angled deposition. This trade off should be

considered according to requirement.
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Figure 4.22: Denting of holes are observed with 262 nm holes, after over exposure and over develop-

ment, uneven dent depths can be seen in the AFM crossection graph each color are taken from different

holes (Right)

Figure 4.23: Uneven denting caused variations on interparticle distances of individual dimers
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4.4 Angled Deposition

4.4.1 Sample Holder Modifications

Sample holder inside the vacuum chamber should be modified for angled deposition.

To observe undercutted width under the holes and to fabricate some simple structures

consisting of multiple metal nano-disks; a simple sample holder is fabricated in ma-

chine laboratories of METU Physics Department. Holder designed to hold samples

at a constant azimuthal angle during the evaporation process. A rotatable disk added

to manually rotate the holder in polar direction to perform multiple evaporation steps

conveniently (Figure 4.24).

Figure 4.24: Simple angled evaporation sample holder.

For dimers the angle of deposition for obtaining dimers with desired side to side

distance a is calculated by;

θ = tan−1
(

d +a
2t

)
where d is the hole diameter and t is the polymer film thickness.

4.4.2 Preliminary Structures

Preliminary dimer, trimer and quadromer structures fabricated on large areas with 750

nm feature diameter. Ag is used as the deposited material, thickness of the structure

kept at 40 nm solely for imaging purposes. Well separated structures achieved by

evaporation with calculated angle. Dimers are excluded from figures since there are

a lot of dimers in next subsections.
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Figure 4.25: Optical microscope pictures of preliminery structures that are fabricated by several con-

secutive angled evaporation sessions through 750 nm holes. (a) Trimers, (b) Quadromers.

Figure 4.26: SEM pictures of 750 nm trimer structures
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Figure 4.27: SEM pictures of 750 nm quadromer structures
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4.4.3 Dimer Distance Variations

Several dimers are fabricated with different evaporation angles to comprehend nanome-

ter scale distance control of HMCL. Thickness of the structures is 40 nm as in the pre-

vious set of samples. Higher amount of denting of holes for 262 nm samples resulted

increased evaporation angle requirements for observation of nicely separated dimers.

Moreover it is clear in figure 4.29(c) zoomed one, that uneven denting resulted vary-

ing inter-particle distances between individual particles. Inter particle distance of the

dimer on the right side seems to be bigger because of less denting on that hole.

Figure 4.28: Dimer distance variations of dimers evaporated through 750 nm holes with (a) 13 degree

(b) 18 degree (c) 22 degree evaporation angles.
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Figure 4.29: Dimer distance variations of dimers evaporated through 262 nm holes with (a) 15 degree

(b) 20 degree (c) 25 degree evaporation angles.

4.5 Asymmetrical Geometries

To understand fabrication capabilities of asymmetrical structure geometries with HMCL;

several experiments conducted. Three mechanisms are found that can be used to fab-

ricate asymmetrical structures.

4.5.1 Asymmetrical Thickness Deposition

Asymmetrical structures can be generated by deposition of different thickness or dif-

ferent materials on different evaporation sessions. This process induces an asymmetry

in z-axis. Z-axis asymmetry is highly unique to HMCL. Preliminary experiments on

asymmetrical deposition are conducted with both 750 nm and 262 nm dimers. Both

thickness asymmetries and material asymmetries fabricated. Dimers with respective

thicknesses of; 40 nm to 60 nm, 40 nm to 75 nm, 80 nm to 120 nm and material

asymmetries with 20 nm of Au to 40 nm of Ag deposited structures fabricated on

large areas for both 750 nm and 262 nm holes. Optical reflection experiments are

conducted to all the asymmetrical samples. However; no plasmonic resonance is de-

tected. More through optical experiments should be conducted for decisive plasmonic

characterization.
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Figure 4.30: Asymmetrical dimers obtained by evaporation of Ag through 750nm holes (a) 40 nm to

60 nm (b) 40 nm to 75 nm asymmetry

Figure 4.31: Ag - Au dimers with 40 nm to 20 nm thicknesses evaporated through 250 nm holes
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4.5.2 Clogging Effect

Diameter of holes gets smaller as materials deposited through them, this effect is

called clogging effect. Clogging effect limits fabricated structures to certain amount

of total deposition thickness, that is bound to the hole diameter. Besides from the

limitation this effect opens a new possibilities of geometries that can be generated

by HMCL. As the hole diameter decreases the feature size of deposited material also

decreases. Structures like pyramids or very small featured thin objects near a larger

object can be fabricated. This effects bring a whole new level of symmetrical and

asymmetrical structure possibilities. Clogging thickness to deposition thickness ratio

is observed to be around 3/5 for 20 degrees angled deposition. Figure 4.32 shows,

diameter of the holes after different amount of material deposition.

Figure 4.32: Clogging effect decreases the diameter of holes as material is deposited through them.

(a)(b)(c) 60 nm, 120 nm and 400 nm material deposited respectively through initially 750 nm holes

(d)(e) 120 nm and 400 nm material deposited respectively through 262 nm initial holes.
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4.5.3 Asymmetrical Angle

Another Asymmetrical deposition possibility that stumbled upon through the exper-

iments is, asymmetrical angled deposition. It is a little unconventional way of de-

positing asymmetries. If the width of generated undercuts are exactly known, desired

portion of structure can be evaporated on the sidewalls on purpose. The portion evap-

orated on the sidewall removes with the removal of polymer film, leaving half disks

on the surface. Structures in Figure 4.33 are asymmetrically evaporated with one ses-

sion with 5 degrees azimuthal angle and other with 25 degrees azimuthal angle with

180 degree polar angle difference. As a result an interesting asymmetry is achieved.

Figure 4.33: Asymmetrical structures fabricated by 5 degrees and 25 degrees asymmetrical evapora-

tion angles through 750nm holes.
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CHAPTER 5

CONCLUSIONS

5.1 Summary and Discussion

The work in this thesis is based on utilization of hole mask colloidal lithography

and examination some of its fabrication capabilities. It has been shown that large

area metal nanostructuring with highly controllable dimer distances and asymme-

tries can be fabricated with HMCL. Dimers, trimers and quadromers are successfully

deposited, moreover controllable dimer distance variations achieved by altering the

deposition angle. Several methods for fabricating asymmetries are found and asym-

metrical structures fabricated with with different properties are fabricated on large

areas. Utilization of HMCL consists of optimization of a procedure for obtaining ap-

propriate hole mask with appropriate surface coverage of holes. Five main steps in

the procedure can be identified as, sacrificial layer deposition, nanoparticle decora-

tion, metal film coating, particle removal and undercutting the holes. Details of each

process step and its importance is discovered, optimized and applied successfully

for two different sizes of colloidal particles. Each of these step are examined with

experiments and to comprehend effectiveness, optical microscope and scanning elec-

tron microscopy (SEM) characterizations are obtained. Examination of fabrication

capabilities of HMCL conducted after procuring an optimized hole mask generation

procedure. Positional precision and asymmetrical fabrication capabilities and possi-

bilities have been examined and discussed.

One of the most important advantage of using photoresist as sacrificial layer and expo-

sure and development to undercut would be possibility of generation larger undercut
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widths at the surface compared to isotropic dry etching. Undercutting with exposure

and developments has been investigated and partial success has been achieved. AZ

5214 image rehearsal photoresist is used as positive tone resist as it can give desired

film thickness values. One of the drawbacks associated with the success of expo-

sure and development undercutting is denting near the holes. This effect is probably

caused by capillary forces while evaporation of water out of the surface. Denting

effect can be compensated if all the dents are of equal depth, for 750 nm holes that

was the case so denting effect is not really an important issue; however, different dent

depths are observed when 262 nm holes are used. This difference greatly changes the

position of deposition yielding structures with slightly different geometries. Strong

control over deposition position is one of the most important property of HMCL and

it is harmed by this effect with 262 nm particle sizes. The most probable explanation

of uneven undercutting observed with 262 nm particles is malfunctioning photoresist

and/or developer. The photoresist and its developer in use when the effect was ob-

served was over 3 years passed its expiration date, there was some fresh one but it

finished way before completion of procedure steps. Expired resists can grow discon-

tinuities some solidification may take place on both resist and its developer causing

small particles inside the solutions. these particles may block effective dissolution of

exposed resist in the developer. These solids may be small enough that they does not

effect (or slightly effects) dissolution through 750 nm holes while blocking effective

dissolution through 262 nm holes. I think it is too soon to say that exposure and de-

velopment undercutting is not successful for 262 nm holes since fresh chemicals can

turn the tides.

Some of the other observations and findings that show up throughout the optimization

experiments that worth mentioning can be listed as follows. It has been found that

random electrostatic deposition well fits for the required application. Nanoparticle

deposition surface coverage is found to be adjustable by both concentration of particle

solution and adsorbed polyelectrolyte solution. Effective gold film deposition over

the nanoparticles is another important issue of the process steps. As it is mentioned

premature separation of particles is observed because of the force dynamics between

adsorbed particles and charged surface of evaporated film, when the surface is not in

electrical contact with the sample holder.
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Examination of asymmetrical deposition possibilities yield that HMCL is very strong

on fabrication of asymmetrical structures. Three mechanisms are observed that can be

used for fabrication of asymmetric structures. Thickness asymmetry and size asym-

metry employed by the clogging of holes can be considered as main asymmetrical

applications. Deposition to sidewalls to obtain asymmetries is an unconventional way

but still can be used to fabricate unconventional asymmetrical plasmonic nanoparti-

cles.

One other issue to discuss about preliminary structures that the thermal evaporation

seems to be not entirely directional. Some material is observed to be deposited on

the different places on empty area under the holes (undercuts). The reason that we

can observe the undercut width in figure 4.20 (b), is deposition of material into whole

undercut area. This issue can be resulting from low vacuum pressure that is on the

order of 10−5 torr. Increasing the evaporation speed can in some level overcome this

problem since the evaporated material will travel faster thus probability of collusion

will be lowered. A better vacuum system can also be used in future experiments.

Reflection measurements that conducted on generated dimer distance and asymmetry

samples yield no (or undetectable) plasmonic signal. That may simply because of the

resonance modes of silver particles of used dimensions falling outside of measure-

ment spectral range. It is important to note that the thickness values of structures are

solely chosen for imaging with SEM. A more comprehensive research will be made

to determine fitting structure geometries that resonates at optical wavelengths in the

near future for examination of optical properties.

5.2 A Glimpse to The Future

Although several experiments conducted and HMCL is successfully applied for pre-

liminary structures, there are still much work to do until complete conquest of all

properties that HMCL can support. One of the first things that will be produced is

motorized evaporation holder. As it is mentioned in the beginning of chapter 4, a

motorized evaporation holder can be used for fabricating very complex geometries.

Actually, a coworker of mine Yusuf Kasap has been working on it for some time and
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Figure 5.1: Angled deposition system that will be used in the near future

its in final states. This system will be employed in a very near future.

While experiments conducted with different particle sizes and freshly bought pho-

toresist (already ordered), one of the periodic non-close packed deposition methods

that are discussed at the end of chapter 3 will be optimized to generate periodic arrays.

This will give us more control over surface coverage and a more uniform plasmonic

response from the surface.

HMCL brings a new breath to surface nanostructuring technology. It is a novel

method for fabricating large area nanostructures with complex, state of the art nano

geometries. HMCL not only opens new doors for experimental examination of yet

unexplored or partially explored areas in plasmonics; but also can match industrial

throughput requirements such that proof of principle experiments can be industrial-

ized immediately. Many previously conducted experiments can be reproduced with-

out the area limitations of previously used methods and collective responses of com-

plex geometries can be examined.
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