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Periodic metal and metal-dielectric composite nanostructures have been of interest from

the field of plasmonics and metamaterial fabrication. In order to exploit the behavior of

these unique materials in the visible region of the optical spectrum, these structures

need to be significantly shorter than the wavelength of response, and hence fabrication

of these have posed unique challenges. One of the key fabrication aspects is the metal

thin film deposition. This study has looked at key parameters in PVD which influence

the grain structure and morphology, in one of the metals of interest, Ag, and further

examined how these factors influence formation of these periodic nanostructures. Our

findings indicate small grain sizes formed with high source-to-substrate spacing are

optimal conditions for forming nanostructures with different geometries with size less

than 100nm. Additionally our studies also indicate these conditions provide films with



least agglomeration and a smooth texture which could have significant impact on their

optical behavior. The study also looked at formation of nanostructures through

different processes – (i) additive process via lift-off and electron beam lithography

(EBL) and (ii) subtractive processes of ion beam milling, and reactive ion etch (RIE).

This included examining three metals of interest in plasmonics- Ag, Au and Al. Our

findings indicate that the optimized process is dependent on the metal systems and lift-

off with EBL remains the most flexible option. RIE may be suitable for Al based

systems where we form a volatile species during etch while it may not be as successful

for Au and Ag. For isolated nanostructures as discussed in this paper, ion beam etch is

highly dependent on grain sizes and may have some fundamental limitations in isolating

structures. The structural and morphological characterization of nanostructures has

also been of importance and has been carried out as part of this work with SEM, AFM,

EDS, and TEM studies. The impact and application of these structures could be greatly

enhanced by their formation in a flexible polymer membrane and this was also

demonstrated as part of this thesis. Finally, we also present some optical data of these

nanostructures where we see a difference in extinction coefficient of these structures

based on both geometry and metal choice.
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CHAPTER 1

Introduction

Nanocrystalline materials have an average grain size under 100nm. Similarly,

nanostructured materials consist of a wide range of materials, which can either be a

single component or a composite, where at least one of the constituents has dimensions

in the nanoscale regime. Despite recent excitement and animation, nanostructured

materials have existed since the advent of materials, having been engineered thousands

of years ago in the pottery and glazes of ancient civilizations. Gold and silver

nanoparticles and their optical properties were exploited in the famous Lycurgus cup

[1]. However, much of these systems remained an art form until the latter half of the

twentieth century where unique properties of nanocrystalline materials as compared to

their bulk counterparts became of considerable interest. Feynman’s lecture in 1959 is

considered a harbinger for the field of nanotechnology [2].

With the advent of advanced lithography tools and the refinement of

semiconductor processing, the feature size of structures decreased and structures

showing the quantum phenomenon became feasible. However, diffraction limits in

conventional lithography pose the danger to interrupt the further increase in computing

power and cost reductions in technology resulting from shrinkage in geometries of

active structures. The investment in nanotechnology could be justified by these
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fundamental shifts, where discoveries and inventions in the area of optical transmissions

at high frequency, and constructing the perfect lens [3] without diffraction limits, could

enable new modes of cheaper and widespread technology at a point not so distant in

future.

The optical properties of metal nanostructures have been of particular interest in

the field of plasmonics [4] and negative refraction [5]. Plasmons arise due to vibration

(collective oscillation) of electrons on metal surfaces. The oscillation frequency is

defined to be the plasma frequency, which is dependent on material, structure and

morphology. At the plasma frequency one could see an enhanced optical response from

these materials, and one could imagine tuning the frequency for selected applications in

sensing and detection. Nanostructured metals have shown enhanced responses to

varying optical frequencies and have hence been of considerable interest for a variety of

applications [6,7]. Another property of certain nanostructured materials is negative

refraction, which could be defined as a phenomenon, where we would see a reversal (of

light path) of Snell’s and Descartes’ laws of refraction and the phenomenon would be

possible in a material classified as a negative index material. Negative index material

(NIM) was a material theorized by Veselago [5] where a substance simultaneously

possesses both negative permittivity and magnetic permeability. Since there is no

known existence of such a material in nature, this is considered an artificial material or

a metamaterial, and was not of significant interest for almost three decades. This

material was shown theoretically feasible by Pendry [8] and demonstrated by Smith [9],
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in certain paired wire structures. Since that time there has been a race to demonstrate

this phenomenon at visible frequencies and the most common way to achieve that is

through miniaturization. The field of metamaterials is relatively new and significant

theoretical work is still being done which involves complicated modeling and

computational efforts [10,11]. Parallel work exists in the theoretical and experimental

domain, and there are significant efforts on fabricating structures to lower dimensions

once an initial model shows a certain geometrical structure to respond, or produce

negative permeability and permittivity simultaneously. However, one of the key

challenges in this field is that the structural unit for negative refraction needs to be

significantly less than the wavelength it is supposed to respond at [12]. Obviously, as

we proceed to shorter wavelengths as in the visible spectrum, these structures become

more difficult to fabricate.

This current work and thesis looked at the fabrication of periodic metal

nanostructures with the long-term goal of utilizing these structures for optical studies in

the realm of plasmonics and metamaterials. Hence, we selected and confined our work

to metals and metal-dielectric composites, which would be of further interest in these

areas, and explored the most optimized methods to fabricate them. There are

fundamentally two key methods in forming periodic structures – (i) additive processing

with deposition and lift-off and (ii) subtractive processing through material removal.

This work explored the fabrication issues of different metals and periodic metal-

dielectric nanocomposites, utilizing these processes. Additionally, a key aspect of metal
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nanostructures is the thin film deposition itself, which is typically accomplished by

physical vapor deposition (PVD). We have attempted to correlate parameters in PVD

and the subsequent thin film, in our ability and success in producing the desirable

nanostructures. Although periodic nanostructures have been made in a variety of

studies, the fabrication remains a challenge especially as we try to minimize dimensions

to see optical responses in visible ranges and shorter wavelengths. The structure and

morphology of the nanostructures also influence their optical behavior, and the

structural and morphological characterization of these nanostructures is also a key

aspect of this work. Additionally, integration and fabrication of these nanostructures in

a flexible polymer membrane was another goal of this project, and we will discuss the

challenges and techniques used to successfully fabricate such a structure as well.

Finally, we began to look at the optical properties of the nanostructures we produced,

and the results form the basis of future work on characterizing the different metals,

geometries and composites.

In Chapter Two we review the theory behind plasmonics and metamaterials.

Subsequently, we then review prior literature looking at the different methods of

fabrication of periodic nanostructures and some applications.

In Chapter Three we examine the physical property requirements for a metal to

be considered for periodic nanostructures in the fields of plasmonics and metamaterials.

Since thin film metal deposition (primarily by PVD) plays a significant role in
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fabricating these nanostructures, we examine the relevant parameters in PVD which

could contribute to thin film properties such as grain size, roughness and texture. These

film attributes could subsequently determine our ability to produce nanostructures of

requisite geometries. Ag is key metal of interest and has been examined in greater

detail and we report the changes in properties of this thin film with changes in

deposition parameters.

In Chapter Four we took a detailed look at fabrication by different techniques

and integration methods. We also looked at the different geometries and different

metals and composite stacks. Furthermore, we examined methods to integrate

structures into Si. We also reported on attempts to form these structures through

reactive ion etching and compared the relative success or lack thereof in different

metals.

In Chapter 5 of this thesis we reported further experimental results of the effects

of PVD deposition parameters on the formation of Ag and Ag/SiO2/Ag based stacked

nanostructures. We investigated process parameters which are critical in fabricating the

nanostructures and the differences in the morphology based on our deposition choices.

We have also reported on some of our early optical results from the nanostructures we

have fabricated.
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In Chapter Six we looked at processing methods to embed metal nanostructures

in a polymer matrix thus creating a novel metal-polymer nanocomposite. Furthermore,

we showed some of the shortcomings of ion beam milling in nanostructure formation.

We also report on the challenges and integration of metal nanostructures in a flexible

polymer membrane.

We concluded this work by summarizing some of our future efforts in chapter

seven as well as summarizing our results from the above efforts. Appendices are

included to provide further details on process conditions as well as details of

measurements.
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CHAPTER 2

Literature Review

2.1 Abstract

Metallic nanostructures have been of keen interest due to surface enhanced

plasmonic effects which have also led to the phenomenon of negative refraction. In this

chapter, we have reviewed some basic theory behind these effects as well as the

different fabrication methods of these nanostructures. Metal nanostructures have been

tailored to respond optically to different electromagnetic waves, and some applications

based on these effects are also examined.

2.2 Background

The interaction of electromagnetic waves with materials has been an area of

study and development, since the inception of electromagnetic theory. Most of our

analytical tools only allow us a more macroscopic examination, and most material

parameters are time and spatially averaged responses over a larger volume and time. In

nanostructures (nanocomposites) the inhomogenieties can exist at a scale which is much

smaller than the wavelength in question. In these materials, the wavelength does not
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respond to each discrete structure but responds to aggregate or a macroscopic resonance

of the structure. Hence, metal nanostructures have been of considerable interests in the

field of plasmonics and meta-materials. With advancement in microelectronics and

nanotechnology, it has been possible to produce structures with different and fairly

complicated structures in the nanoscale regime. Nanocomposites are of particular

interest where surface interactions between two different phases of materials can result

in a new electromagnetic response. Surface area in nanoparticles is a dominant feature,

and as a result, electromagnetic wave interaction with metal nanoparticles is affected by

the surface states of these electrons. These composite structures can assume either of

the two forms, where one may have a random distribution of metal nanoparticles in a

secondary phase and another one could have a more structured pattern embedded in

another medium. In 1908 Gustav Mie derived solutions to Maxwell’s equations of the

optical response of a spherical particle immersed in a homogeneous liquid to a planar

wave [1]. For particle sizes much smaller than the incident wavelength, the particle

feels a field which is spatially constant but has a time-dependent phase. As a result of

this field the spherical particle develops a homogeneous charge displacement, resulting

in a dipole charge distribution on the surface. As a result of this we will see an

interaction of the wave with the surface charge. Simple structures (such as spheres)

will have a single narrow absorption response due to high symmetry while complex

structures or random particle agglomerates will have non-degenerate modes with a

broadening of the absorption peak. Mie’s solutions were modified later to incorporate

quantum effects [2].
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Collective electron excitations and oscillations and the concept of surface

plasmon polaritons were first introduced by Ritchie in 1957 [3], while the possibility of

negative refraction was introduced indirectly by Lord Raleigh’s work on dispersive

media in late 19th century.  More specifically, the equations [4] describing group (νg)

and phase velocity (νp) show that group velocity can indeed become negative

n

c
p  (1)
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g
n
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dnd
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(2)

where, the velocity of light in vacuum is given by c and ng the index for the group

velocity can be written as




d

dn
nng  (3)

Equation 3 would indicate that group velocity may become negative under certain

conditions, specifically where (dn/dλ) is large and λ(dn/dλ) is greater than n. It was in

1967 that Veselago [5] who, while considering a medium having negative permittivity

and negative permeability, considered that the refractive index would be negative.

The terminology of artificial dielectrics was introduced by Winston Kock of

Bell Laboratories in describing electromagnetic structures that could be designed to

mimic the response of natural solids to electromagnetic radiation [6]. These ideas were



11

motivated by the need of lightweight, low loss, substitutes for natural dielectrics which

were being employed for large devices and antennas [7]. This work included designing

large metallic lenses consisting of parallel plates as antennas. Kock noted that similar

to natural dielectrics, the lattice spacing in the artificial dielectric needed to be smaller

than the wavelength. These were of course operated at much larger wavelengths

allowing fabrication of these structures to be simpler. But Kock was able to observe

and recognize that the individual conducting elements of his lattice behave like electric

dipoles under the influence of an external field. Furthermore when the spacing became

in the lengths of the wavelengths, diffraction effects similar to x-rays and crystalline

solids were observed. These key behaviors in an electromagnetic field and its

similarities with current discussion, makes it important to recognize some of this work

as a precursor to photonic crystals and metamaterials.

The phenomenon of plasmonics or negative refraction is not limited to periodic

structures but extends to random nanoparticles as well. However a periodic structure

may result in a more predictable behavior. The purpose of this review paper is to

examine briefly the phenomenon of negative refraction and plasmonic interaction with

electromagnetic waves in metal nanostructures. We will also review some of the

different aspects of fabrication of these structures as well as the challenges in this area.

Periodic nanostructured dielectrics have also evoked interest in the area of photonic

band gap materials [8,9]. However, a key difference with the phenomenon of negative

refraction lies in the fact that photonic band gap (i.e. the band gap) arises from multiple
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Bragg scattering events within the periodic array. In contrast, the phenomenon of

negative refraction can occur due to a single scatter resonance [10]. However, while

considering fabrication aspects of nanostructures, it is important to look at some of the

methods employed in this area, since creating periodic nanostructures have very similar

challenges.

2.3 Theory

The electromagnetic properties of a homogeneous material are governed by the

relative dielectric permittivity ε(ω) and the relative magnetic permeability μ(ω) of the

material. The dielectric permittivity describes the interaction of the material with the

electric component (or E-field) of light, while the magnetic permeability describes the

material interaction with the magnetic field. The relative dielectric permittivity in many

instances is referred to as εr. This is also called dielectric constant when taken at static

zero frequency. For our purposes, ε(ω) refers to the relative permittivity.

Another way to approach the concept of dielectric permittivity is from the

concept of surface charge density (D) (charge per unit area, also called dielectric

displacement). The surface charge density is proportional to an applied electric field

(E). In an isotropic material, dielectric permittivity is the proportionality constant

relating these two parameters. It is a measure of how a material gets polarized under an

electric field in order to reduce the total electric field in the material.
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D = εE. (4)

It is important to note that ε is the actual permittivity, and ε = ε0 εr,, where permittivity

of vacuum (ε0) is 8.85 x 10-12 F / m, and εr is the relative permittivity, a function of

frequency.

Similarly, μ is described as the permeability of a specific material and essentially

provides the correlation of the magnetic flux density (or magnetic induction) B, in a

material to an applied field H.

B= μH (5)

B is the magnitude of the field strength within the substance. The unit of B is Tesla

(Weber per square meter). The unit for H is ampere / meter, (derived from number of

coils, current and length N*i / L). The units for μ is Weber / ampere-meter. The

permeability of vacuum (μ0) is 1.257 x 10-6 Weber / ampere-meter.

The refractive index of a material (n) is taken conventionally as the measurement of

“optical density” of a material

n = c / v (6)

Where, c is the speed of light in vacuum and v is velocity of electromagnetic plane

wave in medium.
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From Maxwell’s equation,

n2 = εr μr ; => n = (εrμr)
0.5. (7)

Where, µr = µ / µ0.

Veselago [5] showed that there was no physical or mathematical contradiction

for expecting a negative value of n and that it could be negative if the dielectric

permittivity and the magnetic permeability were both negative for a material. Since no

natural materials were known to exist with having both of these parameters being

negative, this phenomenon was mostly of a theoretical interest. There are materials

which have negative permeability (diamagnetic materials), but magnetic response is

typically negligible at optical frequencies. This is primarily due to the nature of

magnetic behavior arising from unpaired electron spin or from orbital electron currents.

These magnetic responses are limited to low frequencies.

It was almost three decades later that work in this area picked up significantly

with the publication of theoretical calculations and experimental demonstration of

negative refractive index behavior [11, 12, 13]. Pendry [11] proposed that thin wires

could be made in a periodic array to depress the plasma frequency by several orders of

magnitude and create negative permittivity. Further work [12] postulated that

microstructures built from non-magnetic conductive sheets could be designed to exhibit

an effective magnetic permeability which could be tuned to different frequencies

beyond those occurring naturally. To further look into this area and get a better idea on
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some of the plasmonic effects and negative refraction we examine some of the key

concepts here.

A plasmon can be looked at as an analogue to a photon, a quasi-particle which is

a result of plasma (free electron gas) oscillations. In the case of metals the charge

associated with the free electron gas is compensated with the background nuclear

charge. However, at a surface the equilibrium is perturbed which results in an

uncompensated charge and this is schematically shown in Figure 2.1 [1]. The two

charges, of opposing nature, result in a restoring force inducing a simple harmonic

motion. The frequency of this harmonic motion is proportional to the free electron

density and inversely to the effective mass and is known as the plasma frequency ωp

[14]
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where, N is the electron density, e the charge, meff is the electron effective mass, and ε0

is the permittivity of free space. The dielectric function of the metal as result of this

plasmon is given by ε(ω), which follows the relation- 
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Where, γ is a factor indicating the dissipation of plasmon energy in the system.  Since γ 

is typically small in metals the equation can be further written as
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It is important to note from the above relation that at ω < ωp the dielectric function ε(ω), 

becomes negative, i.e. the dielectric function is negative below the plasma frequency.

In metals, N, the electron density, is high and hence the plasma frequency is high, which

makes the dielectric function negative in the UV regime and under some cases at the

optical frequencies. These metals can also host a variety of resonant states at their

surface which interact with the incident electromagnetic radiation, leading to the new

field of studying plasmonics [15].

We have now seen the physics of negative ε, but we also need to look at

negative μ, which we have mentioned earlier to be a phenomenon normally not present

in nature at optical frequencies (magnetic responses tailing off in the GHz range).

Diamagnetism is a phenomenon in a material which results in the creation of a magnetic

field to oppose an externally applied field. It is relatively difficult to provide a generic

description of negative magnetic permeability, as this component is obtained by

creating different geometries [12] which induce a negative permeability. Pendry et al

have described several structures which can allow negative permeability, of which the

split ring resonator (SRR) has been explored in great detail [12,13,16]. The SRR

structure, as shown in Figure 2.2, can be viewed as an RLC circuit with a resonant

frequency of ω0=1 / √(LC). At or near a resonant frequency the magnetic field induces

an eddy current in the structure which opposes the imposed field. Under specific

conditions this effective magnetic permeability can become negative due to this
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diamagnetic behavior. The frequency response of the permeability is dependent on

structures in both size and structural geometry. With advancement in nanotechnology

and microfabrication, miniaturization of structures has been possible both in terms of

SRR and other novel structures as will be discussed later.

2.4 Fabrication of metallic nanostructured composites

In this section we review some of the work which has been carried out in the

fabrication of these metallic nano-structures (or composites). For brevity and sake of

relevance to the topics of discussion, we cover topics which have these nanostructures

made for either enhancing plasmonic effects or studying the negative refraction

behavior. We will also confine a majority of our discussions to structured or periodic

nanocomposites. A fairly comprehensive review on fabrication of negative index

materials has been presented by Boltasevva and Shalaev [17] which can be useful to

those working in this area.

2.4.1 e-beam lithography (EBL)

One of the most common techniques in fabrication of structured nanocomposites

or nanostructures has been the use of e-beam lithography. There are detailed book

chapters [18,19] on e-beam lithography and hence we will describe certain highlights

only. E-beam lithography is very similar to optical lithography with the main difference
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being that an electron beam, instead of photons, is used to create a pattern on a surface

usually with some scanning methodology. A resist sensitive to the electrons is used to

cover the surface and an electron beam scan creates a pattern as desired. Early e-beam

tools were based on the scanning electron microscope (SEM), and although there are

specific tools now for e-beam lithography, they are in essence modifications from the

SEM and a lot of work continues using these modifications. Computer-aided design

(CAD) programs are used to draw up patterns and provide instructions to the scanning

beam for different patterns. The advantages of e-beam lithography remain in its high

resolution, and its flexibility with it being applied for a host of materials and structures.

Its primary drawback remains in the slow throughput compared to optical lithography

and relatively high cost of high end e-beam tools.

Resist material (where pattern is written) is one of the key components of having

success with e-beam lithography. Once the electrons penetrate or come in contact with

the resist material they undergo a series of scattering events which alter their angles and

broaden the initial beam diameter. Scattering depends on the beam energy and also on

the resist thickness and these are factors which can limit resolution and success in

creating the desired pattern. Hence it is better to use as thin a resist as possible to create

a higher resolution. The energy dissipation from the primary beam is in the form of

secondary electrons (2-50eV) which is actually responsible for a majority of the resist

exposure. One of the most common resist materials is polymethyl methacrylate

(PMMA) discovered in late 1960s [20]. PMMA is a positive resist (exposed area is
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soluble in developer) and is capable of high resolution to the tune of a few nanometers.

The limitations of PMMA are primarily its low selectivity to etching and typical

procedures for subtractive etching involve an additional use of metal hard-mask

(typically Cr). An alternate to PMMA has been another positive e-beam resist with a

trade name of ZEP-520 [21], which has a higher etch selectivity but a poorer resolution

than that of PMMA.

EBL has been used to produce bowtie structures [22, 23] for enhanced

plasmonic effects. Structures produced had resolution as low as 10 nanometers as seen

in Figure 2.3. Dolling et al [24, 25] have been successful in creating fishnet structures,

as shown in Figure 2.4 with e-beam lithography for creating metamaterial responses in

IR and also towards visible wavelengths (780nm). Other structures with different

geometries are successfully demonstrated by EBL [26, 27] to elucidate metamaterial

behavior with metallic and dielectric nanostructures.

Schonburn [28] and his coworkers have worked on a Si based photonic crystal,

where Si pillars are embedded in a polymer matrix. The purpose of these structures was

to create a flexible tunable device, where high dielectric Si pillars were to be made in a

low index material. The starting material consisted of depositing a 390 nm thick poly-

silicon layer on a thermal oxide. PMMA was then spun on the surface and then

exposed with e-beam patterns. Subsequently chrome was deposited as a hard-mask and

formed by lift-off. A fluorine (CF4) and oxygen based plasma was used to etch the
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structure to form Si pillars and subsequently the chrome was removed by a selective wet

etch. At this stage polyimide was spun on the wafer to completely encapsulate the Si

pillars and then baked at 350oC for 30 minutes, to give structural integrity. Additional

levels of masks or structures could be created by repeating the process. The final device

was released from the Si substrate by etching the oxide layer in a buffered oxide

etchant.

EBL is limited in applications where a wide area patterning is required but

despite its limitations from cost and slow throughput, EBL remains one of the more

attractive methods to make nanostructures, especially for prototypes and to understand

fundamental effects from different geometries.

2.4.2 Ion beam-assisted patterning

Ion beam milling or focused ion beam (FIB) patterning is another technique for

direct patterning on substrates and thin films [18,19]. Ion beam patterning involves

patterning based on Coulombic interactions between positively charged ions and

charged electrons and nuclei of sample atoms. Material is deposited on a substrate (eg.

Si or glass), and it is patterned into desired structures with charged ions having certain

level of energy which will depend on a variety of factors. In addition to ion energy, the

other factors are ion fluence rate (flux per unit area in unit time), and the total ion

fluence. The FIB process involves a sequential sweep of the target area, with two
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parameters; the dwell time t1 (breaks bonds) and the refresh time t2 (allows gaseous

product to leave the solid target). These two factors can be effectively manipulated to

change structure size, depth and spacing. In the field of ion beam lithography there are

two modes of operation (i) low energy regime of 1keV to 100keV where ions employed

are singly charged positive ions of heavier atoms (e.g. Ar, Ga, O, Xe) and (ii) high

energy regime of 1-3 MeV, where lighter atoms (e.g. H, He) are used.

Enkrich et al [29] have fabricated nanostructures using FIB to create modified

split ring resonator (SRR) structures [13] which are patterns of Au on a glass substrate

as shown in Figure 2.5. There is another mode where ion beam can help as well. This

would be to use it to deposit material in a nanostructured pattern. Typically a precursor

gas (metallo-orgainc compound) is introduced in the low pressure system. The focused

ion beam performs a localized heating of the substrate and this induces decomposition

and reaction of pre-cursor material to form the desired pattern.

The advantage of ion beam milling remains as a relatively easy, maskless

process, where desired patterns can be written without additional processing steps. The

process itself is slow, similar to EBL, but is more advantageous to rapid prototyping

since it does not involve as many processing steps. However, resolution of patterns for

higher aspect ratios may is an issue with FIB, as well as processing structures which

may have more multilayered patterning needs.
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2.4.3 Nanoimprint lithography (NIL)

As semiconductor features approach diffraction limits, researchers and industry

are exploring alternate methods for patterning. Some of the limitations associated with

some of the attractive techniques discussed, such as ion beam and e-beam lithography,

are in terms of cost and ability to produce them on a manufacturing line, i.e. being fast

and repeatable. Nanoimprint lithography (NIL) sets out to address these issues. The

primary approach in this technique is to create a mold with nanostructures on them and

then transfer these structures by a mechanical transfer (eg. hot pressing) on to a softer

material (such as resist). Figure 2.6 has a typical schematic of the process steps

involved in NIL [30]. Finally, structures would be formed using the patterns generated

with this imprint process. The obvious challenges appear as the task of creating the

mold itself with such fine features, while maintaining mechanical integrity of the mold.

However, once the mold is formed, and if the mechanical aspect of keeping structure

intact can be assured, then this technique maintains possibility of being utilized for

some larger manufacturing processes. There have been several papers [31,32] around

this topic of nanoimprint lithography and they have covered this topic in more detail

than presented here.

Wu et al [30,33] have successfully made different nanostructures using NIL

which are shown to exhibit negative refraction at IR and near IR wavelengths. These

structures as shown in Figures 2.7 and 2.8 have been successfully made by EBL as well,

but use of NIL can make this in a wide area in a shorter period of time. These fishnet
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structures comprise of a stack of Ag / SiO2 / Ag, while the L-shaped resonators (LSRs)

consist of Au patterns on a transparent silicon nitride membrane. Other variations of

NIL have been proposed where a higher temperature embossing technique is used to

transfer patterns directly on metals, and thus simplifying processing steps [34].

Challenges in NIL remain in mold preparation and maintaining the integrity of

mold, keeping it free of defects. However, this remains one of the more promising

techniques to be further developed for large scale fabrication of nanostructures and

devices.

2.4.4 Laser direct writing (LDW)

While laser based micromachining has been used quite effectively in a variety of

industries, nanofabrication with laser has been relatively new. Laser pulses or laser

direct writing (LDW) can be used to remove, modify or deposit material, which is fairly

unique compared to other processing techniques. The key components of a LDW

system are the laser source, the beam delivery system, and the substrate / target

mounting system [35]. Considerable effort has gone into developing the laser source,

which is the heart of a system and depending on the needs of processing, femtosecond

(fs) pulse laser or a continuous wave laser can be used. In most cases laser ablation is

induced by a combination of thermal and mechanical energies. As we move to ultrafast

fs pulses, the mechanical component decreases along with a reduction in the heat

affected zone (HAZ). Depending on the nature of processing (ablations or deposition or
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modification), the wavelength or pulse-width can be modified to induce the process

change.

Laser direct writing of nanostructures is more challenging than that of creating

microstructures (eg. fluidic channels and nozzles) and is in a nascent stage of

development compared to some of the earlier techniques described. In laser processing

the minimum beam spot size at the focal point is limited by diffraction and approaches

(0.5λ / NA) where λ is the wavelength of light, and NA is the numerical aperture of the

focusing lens [36]. While it is possible to create structures narrower than the beam spot

size with ultra short pulse lasers, the feature dimensions are sensitive to fluctuations in

pulse energy [37]. The other techniques reducing the spot size involve the use of optical

near field formed in the close proximity of tiny optical aperture [36,38]. When light is

irradiated onto an aperture whose diameter is smaller than the incoming wavelength, the

emerging radiation diverges rapidly due to diffraction. However, prior to its divergence

it is confined to the vicinity of the opening and is roughly on the order of the aperture

diameter. This short range is known as the optical near-field. Control of aperture

distance is critical and confining optical energies to small dimensions is achieved by

using near field scanning optical microscopes. There have also been efforts [39,40] in

aperture-less near field based nanomachining, where field enhancement effects of sharp

tips (such as AFM and STM), have been utilized to create patterns. Field enhancement

effects of nanostructures are discussed later, but essentially tips with a very small radius

are brought in very close proximity to a thin film metal (layer which needs to be
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patterned), and a lens focuses the laser light onto the tip. Chimmalgi et al [40] utilized

a near IR femto-second laser with AFM tip at about 2.7nm. Localized enhancement of

this signal resulted in the production of very fine patterns as shown in Figure 2.9.

Work in the LDW area is definitely of interest although it appears to be at a

more early stage, and there are challenges arising from thermal fluctuations and

expansion of tips, and this can limit the resolution and reliability of structures obtained

by this method.

2.4.5 Additional processing methods and considerations

There have been advances in conventional optical lithography with advances in

integrated circuit fabrication but these are not discussed here as there are other

resources widely available [18]. Other work of importance has been in the area of self-

assembly as well as efforts to work with random nanostructures and nanocomposites.

Random nanocomposite structures can be made by co-evaporation or co-sputtering or

laser ablation. Other solution techniques are also possible and hold significant promise.

Random nanostructured composites (disordered scattering medium) have been proposed

by Vellekoop and Mosk [41] to be able to focus light to beyond their diffraction limits.

Other processing issues which need to be considered in the fabrication of

nanostructures are in some of the additional processing steps beyond patterning. One

typical issue could be in the processing of thin film metal structures. Deposition

parameters of these metal thin films can considerably affect grain size and alter
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processing characteristics in subsequent patterning. Typically, the grain sizes increase

with increased temperatures and higher deposition rates. Larger grains may pose

difficulty in either FIB patterning or in lift-off processes utilizing e-beam. On the other

hand, a higher grain size may be more desirable to reduce loss from scattering related

phenomenon.

PMMA and other e-beam resists are also sensitive to bake conditions and

surface preparation methods. Improper bake or surface contamination can cause

cracking of thin PMMA layers. The thickness and resolution of resist is also dependent

on the coat process as well as the molecular weight (lower molecular weights result in

thinner coatings) of PMMA resist. Material adhesion and surface cleanliness (avoiding

contamination) should also be of high consideration.

2.5 Applications and future work

The application of plasmonics and metamaterials are still at a nascent stage.

Veselago [5], Pendry [and others have discussed the possibility of formation of a perfect

lens with a metamaterial. The application of this would be attractive for sub-

wavelength applications since we will not be limited by diffraction limits. However,

there exist some practical limitations for applications since the working distance of this
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perfect lens is equal to its thickness and does not focus radiation from distant sources

[42].

The two areas which show a higher level of promise are in the field of sensors

and imaging and in the field of optical communications (which would include all optical

interconnects). Wiltshire et al [43] have pointed out that microstructured magnetic

material such as these, can be used for enhanced imaging in magnetic resonance

imaging (MRI), where the need for resonance is in the RF range (21.3 MHz). In this

work a magnetic microstructured materials was constructed using insulated chrome thin

film on Mylar and made into rolls and then bundled to produce a hexagonal closed

packed structure. These structures were then used as flux guides and used to enhance

images in the MRI. Another possible area of application can be in the area of optical

characterization of nanostructures [44,45]. Surface-enhanced Raman scattering (SERS)

has been proposed by Kneipp [46] and his collaborators, and they have worked with

metal nanostructures to enhance the Raman signal by several orders of magnitude

allowing single molecule detection. The localized increase in the electromagnetic field

is believed to be due to surface plasmons at the metal surface. There is also a belief that

the intense fields induce optical pumping of the adsorbed molecule which at resonance

gives a further enhancement [47].

A strong localized field enhancement is due to plasmons in nanostructures and

sharp tips provide a two photon detectable absorption in Au [48,49]. This phenomenon
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results in excitation of d valence band electrons to sp conduction band electrons, leading

to a broad band emission, described as two photon excited photoluminescence (TPPL).

Schuck et al [22] examines with TPPL the Au bowtie structures described earlier in

Figure 2.3, which were fabricated using e-beam lithography, varying the gap between

the tips of the triangular structures. The intensity enhancement is shown in Figure 2.10,

where the emission is seen to enhance significantly at tip distance below 30 nm.

Metallic nanostructures have also been mentioned as optical antennas [44,50],

where emission enhancement as described earlier is used to enhance signals similar to a

conventional antenna enhancing radio waves. Muhlshlegel et al used 100nm long Au

structures in the shape of metallic rods to resonantly enhance optical signals in the

visible range. Structures such as these could have applications in displays and

detectors.

Biologists and microbiologists have also been studying metallic nanoparticles

with keen interest since the size of these are in the same order as biological

macromolecules, nucleic acids and proteins [51]. The localized surface plasmon

resonance (LSPR) phenomenon has been used to study the protein streptavidin using Ag

nanoparticles [52]. A shift in absorbed wavelength was observed when this protein

molecule was bound to the Ag nanoparticle as shown in Figure 2.11.
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Another phenomenon of interest to biological and biomolecular detection is the

SERS effect, as discussed earlier. Billman et al [53] demonstrated detecting cyanide

with roughened Ag electrodes, which is of great interest to defense and security

establishment. SERS has also been demonstrated to successfully detect diplonic acid, a

primary chemical in anthrax spores (bacillus anthracis) [54]. There are limitations to

the use of SERS in biological detection arising from the relatively low concentrations

often associated with either cost or insolubility of the analyte. There are also molecules

which do not bind to the said nano-structured metal surface, thereby reducing both

chemical and electromagnetic enhancement. There have been proposals for labeling

molecules with smaller molecules, which would have a higher response, and this has

been termed as “extrinsic SERS labeling” [54, 55]. Surface plasmon resonance sensors

have also been employed by Li [56] et al to detect the glucose concentration in blood

with minimally invasive procedures. The refractive index of the sample is monitored to

detect glucose concentration and a remarkable correlation has been seen (Figure 2.12)

between measured and actual glucose concentrations.

Advances in terahertz receivers and transmitters [57] have increased interest in

low loss, low dispersion terahertz waveguides [58], and different approaches have been

proposed utilizing metal cladding waveguides supporting surface plasmon modes.

Flexible, hollow, low loss polycarbonate waveguides with an inner coating of copper

have been studied [59, 60] and finite element method simulations have performed for

the polycarbonate-Ag system [58]. The other issue which has been discussed is the use
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of these materials in an optoelectronic device, where we can combine the advances in

optoelectronics and micro-electronics. In the all-optical chip, the waveguide

dimensions are somewhat limited due to the relatively large wavelength of light.

Plasmonic metamaterials could enable this confinement into narrow channels.

Work in the area of metal nanostructures continues at a rapid pace. Of particular

interest could be the behavior of the plasmonic properties of these structures in a new

dielectric environment of polymer. One could envision the role of biomolecules as a

polymer matrix itself and hence a study of surface interactions of metal-polymer would

be of value. Another aspect of having a polymer could be the aspect of using a

photoactive dye to enhance optical signals which has been suggested by Klar et al [61]

and shown as a schematic in Figure 2.13. The encapsulation of these structures could

also allow us to venture into flexible displays as well as in possible defense based

applications in a flexible light coating material. Fabrication of these nanostructures

remains a challenge and a lot of work continues in this area as outlined in the previous

section. These challenges are evident when trying to fabricate metamaterial structures

with responses in the visible spectrum. A key advancement would be to make

nanostructures with varying geometry with an eye to manufacturing and hence

nanoimprint lithography remains an area to be explored further for fabrication.

Integration of these structures in the polymer matrix will also be a challenging aspect of

future work.
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Figure 2.1. Schematic illustration of surface plasmon resonance of nanoparticles (solid
sphere, hollow spheres and nanorods) in a polarized light field [1].
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Figure 2.2. Thin wire and SRR structures used to create a material with both negative
permeability and permittivity [13].
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Figure 2.3. Bowtie shaped Au structures fabricated by EBL for enhanced plasmonic
effects [23].



36

Figure 2.4. Fishnet structure fabricated by EBL by Dolling et al [24].
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Figure 2.5. SRR structures fabricated by ion beam patterning [29] .
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Figure 2.6. A typical processing sequence in NIL [30]. Initially a transfer layer and
resist layer is spun on the substrate which is subsequently imprinted by the imprint
mask mechanically.
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Figure 2.7. Illustration of a fishnet structure fabricated in a wide area by NIL
accompanied by a magnified view to show high resolution capability [30].
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Figure 2.8. LSR structures fabricated by NIL from Wu et al [33].
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Figure 2.9. Laser direct writing of nanopatterns with a resolution of 15nm [40].
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Figure 2.10. Intensity enhancement with proximity of bowtie tips [22].
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Figure 2.11. LSPR spectra illustrating the response of a Ag nanoparticle biosensor
to streptavidin corresponding to saturation coverage. Ag nanoparticles before
(kmax=609.6 nm) and after (kmax=636.6 nm) 100 nM exposure [52].
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Figure 2.12. Real and measured values of blood glucose levels of different samples by
using a surface plasmon resonance sensor [56].
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Figure 2.13. Schematic of metal nanostructures on glass, encapsulated in a polymeric
gain medium [61].
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CHAPTER 3

Material Selection and Thin Film Metallization Parameters for Metal
Nanostructures.

3.1 Abstract

One of the key process steps in the fabrication of periodic metal nanostructures

is thin film physical vapor deposition (PVD). Metal nanostructures have been of

interest from the field of plasmonics and metamaterial work, and the understanding of

material properties is essential in selecting metals which would show the desired optical

response. We examined metal properties which would be of interest to the material

scientist in narrowing the range of metals from the perspective of device properties and

from the fabrication of nanostructures. The effect of PVD parameters on the crystallite

size (grain size) and roughness of Ag thin films were examined with GIXRD, SEM and

AFM. The effects of the grain size, agglomeration and roughness, and their impact on

fabrication of metal nanostructures were examined. It was found that film deposition

conditions and parameters play a crucial role in controlling grain size and morphology

and these properties are important aspects to consider in fabrication of metal nano-

structures.
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3.2 Introduction

Metal nanostructures have been discussed for plasmonic and negative refractive

structures in the last few years [1,2,3,4]. A considerable amount of work has gone into

both theoretical modeling and analysis of optical results [5,6,7]. A key aspect in

developing products and exploiting their properties is to have an understanding of the

physics of materials to work with and metal nanostructures are no exception in this

regard. In order to exploit plasmonic behavior and obtain negative refraction, we need

to understand the important characteristics of the material which will allow us to narrow

down our material choices.

The details of fabrication techniques for producing metallic nanostructures have

been discussed in some papers [8,9,10]. However, there has not yet been a systemic

approach looking at the fundamentals of material selection and thin film processing

which allow successful fabrication and control. These aspects increase in importance as

we further attempt to shrink dimensions and make more complex structures. The

processing choices are related to the material properties, and the fabrication of

nanostructures will depend on understanding of thin film processes and their limitations.

In the current chapter we examined the different aspects of material selection as

it has a significant impact on processing techniques as well as the integration of the

processes into different substrates. Furthermore, we examined the thin film metal
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properties as a function of physical vapor deposition (PVD) conditions and attempted to

obtain grain size and morphological information with a variety of analytical tools in

order see how these properties affected the final structures.

3.3 Thin film material selection

The interaction of metal nanoparticles and light has also been characterized by

measuring the extinction coefficient [11,12,13]. Extinction coefficient is a term used

more commonly by chemists and biologists looking at losses in light interacting with a

particle. Extinction coefficient could be defined as losses due to absorption and

scattering in a medium per unit length or unit volume or mass. This term is of

importance where we are trying to determine concentration of a species (such as protein

or virus) in solution and knowing background losses would be essential in this

determination. In addition to extinction coefficient, another terminology used at times

while describing light particle interaction is the extinction cross section (Cext) [14],

which is defined as the area that, when multiplied by the irradiance of the

electromagnetic wave incident on an object, gives the total radiant flux scattered and

absorbed by the object [15]. Furthermore, extinction cross section has been formulated

as
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where, λ is the wavelength, α is the polarizability, ε0 is the dielectric constant of the

medium outside the particle (vacuum), ε is the dielectric function of the metal, and χ is a

shape-dependent parameter which can take values from 2 for spheres to very high

values for particles with high aspect ratios [14]. Plasma resonance will occur when the

real part of ε, Re (ε) = -χε0 i.e. when Re (ε) is negative, and the imaginary part is as

small as possible. These indicate a metal with negative dielectric function and low loss.

In another approach, metal interaction with electromagnetic waves is

characterized typically by physicists by the index of refraction (n). Similar to

dielectrics, n is a function of the wavelength (due to dispersion) in metals. The index of

refraction (n) is a complex number (its imaginary part indicates losses the light

undergoes due to absorption)- and can be written with complex number notations as

iknn

or

innn





1
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The imaginary part of the index of refraction n2 is often denoted by k and is described as

the damping constant [16]. The damping constant k describes the amplitude decrease of

an electromagnetic wave as it interacts with the metal. The reflectivity (R) of the

material is given by
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R is a unit-less material constant and is expressed as a percent of incoming light, but a

function of wavelength.
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In the Drude model of metals, with free electron theory, the time between

electron collisions (a change in velocity) is given by the relaxation time, τ. The drift

velocity of the electrons, and hence conductivity of the metal, is proportional to the

relaxation time. In the previous chapter we have seen that in order to create a material

with negative dielectric response ε, we need the frequency ω < ωp, where ωp is the

plasma frequency of the metal. This arrives from a simplified form of equation below,

e

p

eff
i







2

2

1 (4)

where, γe is the loss or dielectric dissipation loss in the metal, inversely proportional to

the relaxation time, τ (also known as the Drude relaxation time) [17].  Since λ=2 πc/ω, 

as we go to shorter wavelengths (from IR to visible) and higher in frequency, we need

metals with high values in ωp. In addition, we see from the equation that the

dissipation factor or a low-loss metal would allow the plasma frequency squared (ωp
2)

to exceed the denominator (ω2+i ωγe) allowing negative values for εeff. Hence metals

with higher plasma frequency and a low loss (ωp>> γe) would be desirable in fabricating

negative index materials and plasmonic behavior. The plasma frequency of the metal is

given by

eff

p
m

Ne

0

2


  (5)

where, N is the density of electrons, e the electron charge, the effective mass is given

by meff and ε0 the permittivity of vacuum in free space. Thus one can see that the
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plasma frequency is going to be dominated by two parameters in this equation, N and

meff, where the material and structure will affect these two factors.

It is also evident from our above discussion that in the choice of materials,

metals with high conductivities and hence low loss would be of interest. Table 3.1

shows the relaxation time (τ) at room temperatures [18], as well as some of their other

physical constants [16,19, 20] of typical metals with high conductivity and the some we

have worked with. Based on this the metals which would be of primary interest in

visible spectrum would be Cu, Ag, and Au. Ag and Au has been examined more due to

its relative inertness.

While a negative permittivity is enough for certain plasmonic responses,

negative refraction needs both negative permittivity and negative permeability [17,21].

Unfortunately, there is no magnetic response at high frequencies as we see in the visible

range. Hence a negative permeability is artificially created and a variety of structures

have been proposed [8,17,22, 23]. Many of these involve having a metal-dielectric-

metal stack or composite which would allow for pairs of metal structures to generate an

induced negative permeability. In some structures air can be used as a cavity [24] but,

there are some issues of having Ag and Al exposed to air as one of the dielectrics as we

see the degradation of their optical properties with oxidation. While the exact dielectric

is of relatively lower importance, we have chosen to work with silicon dioxide (SiO2) as

one which is fairly well characterized.
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One of the key properties we are looking for in any of the substrate or carrier

materials is the ability to transmit light in the visible spectrum. In order to ascertain the

optical response of metal nanostructures both substrate and other mechanical structures

should have no interference in the spectrum of interest. One of the other materials

which is of interest to us is a conductive layer across the entire sample, the sole purpose

of which is to allow us to avoid charge build up during nano-lithography (ebeam and

ion beam) processing. Indium tin oxide (ITO) has been well discussed as a conductive

transparent oxide [25,26,27]. We chose this material as it has been widely characterized

and can be formed fairly well by PVD sputtering process as discussed later.

Figure 3.1 shows the transmission spectrum of glass and ITO in the visible range

on sputtered films we obtained. It is evident from the transmission curve that we have

very high transmission above 400 nm in the visible spectrum for both glass and ITO.

Annealing ITO at 175oC decreases the transmission and needs to be of consideration

during processing.

3.4 Experimentation and thin film processing optimization

We explored the basis for selecting materials in this study in the previous

section. However, material properties can be changed under different processing

conditions and the success in creating desirable material properties and nanostructures
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depends on understanding of processing fundamentals and their limitations to exploit

ideal growth and fabrication. The key processing techniques essential for fabricating

nanostructures are in metal deposition by physical vapor deposition (PVD), either by

sputtering or evaporation, e-beam lithography (EBL) and ion beam milling for

patterning. In addition, either a lift-off process is used to complete patterning or it is

achieved by dry etching (subtractive etch). Typically for nanostructure fabrication, a

wet etch processing is not used as dimensions at this magnitude are difficult to control

by wet etch. The key processes are summarized in the following section. However, for

a more comprehensive review a variety of texts [28,29,30] in this area are available.

One of the important aspects in our processing is in thin film grain size and the ability

of our films to adequately cover high aspect ratio structures. In order to minimize loss

(increase τ), a larger grain size would be desirable to minimize scattering at grain

boundaries [31]. Experiments were conducted in PVD processing to optimize some of

these parameters which in some cases compete with ease of fabrication and the

formation of the final desired product.

Historically evaporation played a more dominant role but has been replaced by

sputtering in IC industry. This is due to the fact that sputtering and its enhancements,

with magnetron enhanced sputtering and bias sputtering, have enhanced capabilities in

covering structures with high aspect ratios, both in terms of bottom coverage and

sidewall coverage [32,33,34,35]. Techniques which have been previously used to

control film properties include the temperature of substrate, deposition power, and
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pressure. These parameters have been known to control grain size, step coverage, and

grain orientation. Sputtering involves the removal of atoms from a target surface by the

kinetic impact of an incident energetic particle. Above a certain energy threshold, the

atoms on the target will get free of the binding energy and will be emitted from the

surface and re-deposited either on the substrate or the vacuum chamber or in certain

cases back on the target. The minimum energy or threshold for sputtering is

approximately equal to the heat of sublimation. Once the target atoms are ejected, they

have fairly high velocities (3-6x 105 cm/s) and energies of 10-40eV [30]. At very high

energies above 10keV, impinging particles can get embedded [30] into target.

However, for intermediate energies, we see atoms from the surface dislodged and

ejected into the gas. Since these are fairly elastic collisions, the energy of the sputtered

atom will depend heavily on the energetics of the impinging ion. Increased energy

allows mobility of the adatoms on the surfaces and increases grain size. Hence grain

size in the sputtered film will increase as the voltage or power is increased in sputtering.

Such effects have been reported in Ag [36] and other films [37].

The ambient pressure determines the mean free path of the sputtered atom, and

atoms may suffer more collisions if pressure is higher. In addition to pressure, if a

substrate is spaced further (source-to-substrate spacing) the sputtered atoms will lose

more energy as a result of these collisions. As a result they arrive on the substrate with

less energy and in some cases lose enough energy to be transported as neutrals via

diffusion [29]. Hence it is evident that ambient pressure can also be a factor in grain
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size and morphology as well. The aspect of source to substrate spacing plays a

significant role in lift-off processes as well. In this process we relied on good coverage

at the bottom of high aspect ratio structures, but preferably without any material on the

sidewalls or in the minimum having a discontinuous layer such that a solvent could

access the resist and remove it in subsequent steps. In addition to collimation [32], and

ionized processes described earlier, a higher source-to-substrate spacing allows for

better bottom coverage by eliminating or reducing non-orthogonal trajectories. Figure

3.2 shows the schematic of the sputtering process on this aspect. The other process

variable utilized in covering high aspect ratio structures has been bias sputtering, where

a bias (typically a negative or lower frequency RF) is used to increase bottom coverage.

However, this also increases re-sputtering of material and can cause a continuous metal

layer on sidewall of resist which would be an undesirable effect. Hence in our

experiments we have not applied any bias to our substrates.

As mentioned earlier, if plasma vapor deposition is used for a dielectric, an RF

sputtering system would be needed. In our work we used this system for an insulator

layer in some of our structures and hence we briefly describe this process. If an

electrode is covered with an insulating layer, a glow discharge cannot be sustained due

to charge buildup and loss of potential difference between anode and cathode. In order

to overcome this issue, an AC potential was used instead of a DC potential, with the

frequency of the signal in the RF regime and hence known as RF sputtering. RF

sputtering has detailed descriptions in several texts and papers [29,32] and is a complex
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field which has applications both in etching and deposition, but is not relevant beyond

the basics for our work. In our work and experiments we used SiO2 as an intermediate

dielectric layer. SiO2 can be deposited by reactive sputtering of Si in an oxygen

ambient, or an RF sputtering of a SiO2 target. We chose the latter as we wanted to

minimize oxidation of the metal in an oxygen ambient.

The other thin film PVD technique is evaporation which as described, has

limited application in IC industry but is important for processing where lift-off is the

integration path. The basic process involves applying heat to a material in a high

vacuum system, whereby atoms or molecules vaporize and deposit on other surfaces.

Since no other gases are needed, a high vacuum is maintained and vaporized atoms do

not suffer much collision. The rate of mass evaporated from the source in unit time and

unit area, is estimated from the Langmuir-Knudsen relation [30]

R = 5.83 x 10-2 (MT)1/2 pe ; (6)

where, R is mass lost in grams per unit area per unit time, M is the molecular weight in

grams of the metal, T is the temperature in Kelvin, and pe is the vapor pressure in Torr.

One of the key properties or characteristics of evaporation is that atoms /

molecules in this process are deposited in line-of-sight due to undergoing an almost

collision-less processing as discussed earlier. For lift-off processes, a line-of-sight

process is highly desirable. The other advantage with evaporation is that this allows

material being evaporated and the substrate to be at relatively large distances. This
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allows the substrate to be cooler and again conducive to processing if a polymeric

material is present on substrate. The source of heating for evaporation could be a

variety of sources- resistive heating, radiation heating from surrounding coil, RF

induction heating, laser beam and finally e-beam sources. E-beam evaporation is one of

the more common and useful evaporation techniques and we have used this in our

experimentation for metal and dielectric deposition. Here an electron beam with

energies in 3-10 kJ range rasters across a surface of metal (or dielectric) and produces a

localized melt. The sources outside the immediate melt area remain at fairly lower

temperature and melt is contained in a small region. This can lead to issues with non-

uniformity for large substrates, as a result of non-uniform flux, but a variety of

techniques including rotation and a planetary target is used for compensating these

issues. The other problem with e-beam evaporation could be from spitting which is a

phenomenon in which larger particulates are ejected when a high energy electron beam

strikes the evaporant. Care must be taken to control e-beam power (avoid very high

evaporation rates) to avoid this phenomenon. Figure 3.3 shows such a spitting defect in

the case of Au evaporation.

Our experiment involves looking at effects of power, temperature, pressure and

source to substrate spacing in thin films of Ag as deposited by sputtering. Grain sizes

are also dependent on final film thickness [38] and hence the target thickness of films is

in the range of 20-40nm which represents the thickness of films for our plasmonic

structures. All films were deposited on a high quality glass piece which was cleaned
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with ultrasonic de-ionized water (DI) and isopropyl alcohol (IPA) wipe before

deposition. Temperature limitations due to presence of resist on our final samples also

limited the range of useful temperatures in our studies and hence we looked at

deposition temperatures between 293K- 373K. All samples had a 5nm Ti adhesive

layer prior to Ag deposition. To minimize oxidation a 10 nm RF sputtered SiO2 layer

was used to cap all silver films. The primary parameters to control the grain size in an

evaporator are the evaporation rate, and the substrate spacing from the source. Hence

these were the two variables which we examined for evaporation. However, surface

conditions play a significant role and once a surface is completely covered by the

evaporated species the growth kinetics can change.

We used Ag as the metal to optimize our experiments as it is one of the metals

which has the most widespread use in plasmonic structures [8,6,10]. It is a reasonable

assumption that other metals will exhibit similar trends in response to changes in PVD

parameters. In our experiments we used a Nordiko quad chamber as our sputtering

system and a CHA evaporator (CHA Industries, USA) as the evaporator tool. The

sputtering targets were of 99.99% purity (TOSOH) while evaporation source for Ag

were pellets (Kurt J. Lesker, of 99.999% purity).

The films were analyzed by grazing incidence angle x-ray diffraction (GIXRD)

using a Philips MRD system employing Cu Kα radiation (1.54056 Å) for crystallite size

and orientation. A transmission electron microscope (TEM) and a scanning tunneling
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electron microscope (STEM) were also used for attempting an estimate of grain size

and to see any correlation with x-ray diffraction (XRD). For examining the crystallite

size as a function of PVD deposition conditions, we use Scherrer’s formulae to

approximate the average grain size of the thin films from the FWHM of the (111)

diffraction peaks. Similar methods have been used in other studies of grain size

determination [39,40]. Contrast was maximized for TEM and STEM images to

distinguish between different grains and phases. Blanket films were also examined with

an atomic force microscope (AFM) to look at both surface roughness and texture. All

films were deposited on optical glass (SiO2) pieces whose intrinsic root mean square

(RMS) roughness as measured by AFM was less than 0.25 nm. Reflectivity

measurements were also obtained for blanket films in the visible spectrum. Finally,

experiments were run to optimize deposition parameters for ideal liftoff conditions

based on results. Some of these results will be discussed in a subsequent chapter. It is

to be noted that the approach of subtractive etch could also be used for creating these

nanostructures, once grain sizes are ascertained and optimized for that process.

However, for metals other than Al, there are no simple dry etch chemistries which will

allow for a simple subtractive etch process. A direct sputtering of thin films of Ag and

Au would be a more common approach but it may also have limits on leaving a pristine

surface (clear of residual metal) and controlling profiles (of geometries of

nanostructures). Hence in this chapter we have primarily evaluated processes

compatible with lift-off process.
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3.5 Results and discussion

The experiment looking at PVD sputtering parameters was designed using JMP

statistical software (SAS Inc., USA) as a screening experiment looking at the first order

effects of the factors identified earlier viz. power, temperature, pressure, and source to

substrate spacing. Table 3.2 shows the parameters we discussed above and the

responses for crystallite size as well as for reflectivity. For ease of analysis we have

shown the reflectivity at 450nm and 630nm only in the table. The detailed reflectivity,

in the visible range for all films are seen in Figure 3.4. Since the films are in the range

of 30-40 nm, small thickness changes as a result of higher deposition power may have a

significant impact on reflectivity values. Based on targeted film thickness and

optimized timings for sputtering, the higher power (1000W) sputtering typically shows

a calculated deposition rate of 3.5-4.1 nm/s of Ag film while at lower power (100W) the

calculated values show deposition rates approaching 0.32nm/s.

There have been several papers discussing differences in crystallite size and

grain size [41,42], but generally for nano-crystals or in very small grain size regime,

there should be good co-relation between TEM and XRD [43], although in larger grain

sizes they may not co-relate. The discrepancy can arise because XRD crystallite sizes

correspond to the smallest non-distorted region corresponding to a coherent diffraction

domain in a film. On the other hand small orientation changes may not present a sharp

contour in adjacent regions in a TEM micrograph. Hence, grain sizes in TEM could be
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larger than the XRD values. XRD values may be considered more accurate and hence

are used for primary analysis here.

Figure 3.5 shows the primary effects on the crystallite size of the thin films, as

obtained from XRD, on the four processing parameters in sputtering, as studied in this

experiment. The sputter conditions on actual samples which were run and the

corresponding crystallite size as obtained by GIXRD is shown in Table 3.2. Based on

this data from actual measurements on the screening design experiment, a prediction

trend plot is calculated using the JMP software. The figure 3.5 shows a predicted trend

lines of crystallite size due to changes in power, temperature, pressure and source to

substrate spacing. Source to substrate distance shows the biggest factor affecting

crystallite size in our experiment, followed by the effect of sputtering power. This can

be explained by the loss in energy the atom undergoes as it travels through the increased

distance from the source to the substrate. A secondary impact of a higher source-to-

substrate spacing could also be from the fact that the substrate is less susceptible to

higher temperatures from the target during deposition at a larger distance. The effect of

power and temperatures can also be explained from the lesser energetic atom arriving at

the substrate (or having less energy at the surface), and having a lower tendency to

migrate and form larger grains. Such effects of power on grain size has been reported

in other studies [36,37] as well. It is to be noted that in other PVD processes not

restricted by lift-off processes, temperatures can go higher and can have a more
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significant effect on grain size, than what is noted here. Finally, pressure has a smaller

effect in the ranges of pressure studied here.

Structure zone models have been proposed by different authors [44,45] and they

have primarily looked at substrate temperature (and pressure and typically for thicker

films) effects and have proposed different growth zones based on Ts/Tm ratios (Ts is

substrate temperature and Tm is the melting point). At our highest sputter deposition

temperature of 373 K Ts/ Tm is just below ~0.3, which is the transition from zone 1 to

zone 2 growth. In zone 1 there is limited growth and very limited adatom motion, while

in zone 2 we have competitive grain growth driven by surface energy minimization.

We have general confirmation with the structure zone model where we see higher

substrate temperatures show increased grain sizes. This is confirmed by the STEM

images (Figure 3.6), where we show cross-sections of some of some of the samples) as

well, where we are looking at a larger area than the TEM images. Both TEM and

STEM images show dense Ag films under all sputtered conditions and they appear

fairly columnar in nature. TEM images of samples which are identified as those with

largest (sample A) and smaller (smaller D) average grain sizes are shown in Figure 3.7.

Due to the high magnification and not having enough grains in cross-section, we have

not attempted to draw grain size information from these images, but careful

examination of image (D) shows that multiple grains may be present in some areas

where the contrast is not able to delineate the grains.
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While GIXRD data provides average crystallite size information, we also

attempted to derive grain size distribution and confirm trends in grain size, with

additional image analysis of AFM and SEM top down images for the blanket thin films.

We have used a commercial image analysis software (SPIPTM, Image Metrology A/S,

Denmark) looking at two of our thin films, one of which has shown a comparatively

larger crystallite size (sample A at 18.7 nm), while the second thin film (sample H at

11.1 nm) shows smaller crystallite size. We have analyzed both AFM and SEM

images. The software allows scaling of AFM files to be accurately read into the image

analysis. For SEM files, dimensions were recalculated based on pixel size and image

size in nm (1 pixel = 0.85nm) and this conversion is included in the grain size

distribution histograms. Figure 3.8 (a) shows the image of the thin film sample A, as

obtained by AFM while 3.8 (b) shows the contour mapping through areas which the

image analysis software considers as grain boundaries. A similar image is shown in

Figure 3.9 (a) and (b) for thin film sample H. Figure 3.10 (a) and 3.10 (b) show a

histogram of the grain size distribution as realized by the image analysis. The films in

sample A show an average grain size of 46.3 nm with a standard deviation of 25.6 nm,

while films in sample H show an average grain size of 32.7 with a standard deviation of

15.2 nm. It is not unexpected that we should see a large variation in the grain size

distribution, and it is observed that significant variation is possible on parameter

optimization on image analysis software, where degrees of contrast in image is used to

construct boundaries separating grains. A higher average grain size number in AFM is

also not surprising since we cannot expect clear demarcations in effects from
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agglomerations. However, the average grain sizes in sample A does appear larger than

sample H, which had earlier also shown a smaller crystallite size in GIXRD data.

Figure 3.11 (a) shows the top down image of thin film sample A. Clear

delineation of grain is somewhat limited due to low contrast at grain boundaries. Figure

3.11 (b) again shows the contours of the grain boundaries as considered by the software.

Images show general agreement with SEM image, although there are limitations, where,

some grain boundaries are not represented accurately. Figure 3.12 (a) and (b) show

similar images for sample H. The grain size distribution and the mean values are shown

in Figure 3.13 (a) and (b). Average grain sizes as observed here (14.4 nm for sample A,

and 11.2 nm for sample H) are in closer values to those seen by GIXRD for crystallite

size and once again follow same trends as seen earlier.

Figure 3.14 shows the AFM images of Ag thin film sputtered under different

conditions. Since these samples had SiO2 capping layer, part of the sample was etched

in buffered oxide etch (BOE 20: 1) and AFM was done in both capped and non-capped

areas and they do not show significant difference in surface roughness or texture. All

sputtered films are relatively smooth with surface roughness under 3 nm and a general

tendency for lower power and temperature producing smoother films and these trends

are shown in Figure 3.15. In contrast, evaporated films were rougher in nature

primarily due to the formation of clusters. The average crystallite sizes for these films

were 26.5 nm and 27.8 nm for films evaporated at 0.05 nm /s and 0.25 nm /s,
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respectively. Thus no significant difference was observed either in XRD crystallite size

or film texture as obtained by AFM of these films evaporated at 0.05 nm and 2.5 nm /s.

The RMS roughness is ~30 nm and an indication of possible difficulty in control of

grain morphology with current process parameters. Savaloni et. al. [46] have studied

Ag texture and growth as function of substrate temperature in UHV evaporated films on

float glass substrate. Grain sizes in those studies show a smaller grain size distribution

(with max size at ~16nm), and although temperatures were more controlled in those

substrates and purity of Ag might not have been as high as our starting material, the

differences are not clearly understood.

Figure 3.16 shows a 3D image comparing one of the sputtered films and our

evaporated film (0.05 nm/s). This clustering also prevents us estimating a grain size of

the evaporated films and comparing TEM and XRD values with AFM. It is

hypothesized that with lower pressure levels in our evaporation chamber the atoms

arrive at the substrate with a higher energy and are more mobile and will tend to form

larger grains and clusters.

Figure 3.17 shows a SEM top-down image of a nano-rod structure produced

from evaporation and sputtering. The evaporated films showed a more tapered

appearance than the sputtered films, possibly indicating more effects from shadowing or

possible issues from adhesion and cluster formation to underlying layer. In the thin

films themselves, we saw evidence of a higher degree of agglomeration in the
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evaporated samples at these conditions as compared to the sputtered samples. Further

optimization of process parameters to optimize nanostructure formation will be

discussed in a subsequent chapter.

3.6 Conclusions

We have discussed parameters for considerations for a material scientist while

designing and fabricating of metallic nanostructures for use in plasmonic and negative

refractive index materials. Subsequently, we looked at the thin film methods commonly

used to deposit these metals and looked at different aspects of sputtering and

evaporation in controlling grain size and morphology of deposited films. The films

have been characterized by XRD, AFM and TEM and we have attempted to co-relate

the results. We have demonstrated that film deposition conditions and parameters are

key aspects in controlling grain size and morphology and these properties are important

aspects to consider in fabrication of metal nanostructures and their understanding is

essential to success. We have also compared some of the sputtered films and

evaporated films. In evaporated films we see a higher degree of clustering and grain

growth of Ag and, possibly limit creating discrete structures with multiple stacks with

lift-off process. In addition, the rough texture could also produce limitations in some

optical properties. Films sputtered, in general, show a more uniform texture and

smaller grain size distribution. Finally, based on these parameters we have started
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characterizing nanostructures with both evaporation and sputtering and will be

attempting to obtain an optimized processing condition. The primary limitation in

sputtering could be in our inability to prevent re-sputtering and angular incident atoms

to prevent material deposition on sidewalls affecting lift-off process. However limiting

angular incident ions with higher source-to-substrate spacing could help us alleviate

some of these effects.
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Figure 3. 17. Nanorods produced by evaporation (left) and sputtering (right). A higher

degree of taper is noticed in the evaporated stacks with a higher degree of

agglomeration as compared to the sputtered film.
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Table 3.1 Physical constants of metals of interest in bulk state.

Element Plasma

Frequency

energy

(eV)

Drude

Relaxation

times τ @

273K

n k nk R %

10-14 sec. @ λ~600nm 

Cu ~2.2 2.7 0.14 3.35 0.469 95.6

Ag ~4 4.0 0.05 4.09 0.2045 98.9

Au ~9 3.0 0.21 3.24 0.6804 92.9

Al 15.2 0.80 0.97 6.0 5.82 90.3

Ta Not

Available

0.62 1.83 1.99 3.6417 38.8
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Table 3.2 PVD Sputtering parameters and effects.

ID

Pwr.

(W)

Temp

(K)

Press.

(mT)

S to S

(mm)

XRD

Crystallite

size (nm)

Ref

450

nm

Ref

630

nm

AFM

Rough-

ness RMS

(nm)

A 1000 373 1 86.36 18.7 0.81 0.9 2.9

B 100 293 10 160.02 12.5 0.676 0.796 1.48

C 100 373 10 86.36 14.2 0.648 0.799 1.47

D 1000 293 1 160.02 11.5 0.757 0.852 1.51

E 100 373 1 160.02 11.6 0.731 0.848 2.02

F 1000 293 10 86.36 15.1 0.897 0.952 1.62

G 1000 373 10 160.02 12.8 0.736 0.86 2.36

G2 1000 373 10 160.02 12.6 2.39

H 100 293 1 86.36 11.1 0.633 0.763 1.53
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air.
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Figure 3.2. Illustration of source to substrate spacing -long throw- to utilize directional
aspects of step coverage.
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Figure 3.3. SEM image of large Au grain from “spitting” during evaporation.
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Figure 3.4. Reflectivity spectrum of Ag deposited under a variety of PVD parameters.
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Figure 3.5. Primary effects of PVD deposition conditions on crystallite size in Ag thin
films from screening experiment.
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Figure 3.6. STEM images showing the cross-section of Ag grains with columnar
growth on a glass (SiO2) substrate.
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Figure 3.7. TEM cross-sections of Ag- small area of TEM making it difficult for
accurate estimation in grain size.
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(a)

(b)

Figure 3.8. (a) Surface profile image from AFM of sample A (b) contour mapping of
grains from software for grain size distribution.
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(a)

(b)

Figure 3.9. (a) Surface profile image from AFM of sample H (b) contour mapping of
grains from software for grain size distribution.
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(a)

(b)

Figure 3.10. (a) Histogram of grain size distribution on sample A with average at 46.3
nm and a standard deviation of 25.6 nm (b) Grain size distribution on sample H with
average at 32.7 nm and a standard deviation of 15.2 nm. Grains appear to have a log-
normal distribution.
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(a)

(b)

Figure 3.11. (a) Top down SEM image of sample A (b) contour mapping of grains
from software for grain size distribution. Measurement scale on later image is not
calibrated to SEM image.
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(a)

(b)

Figure 3.12. (a) Top down SEM image of sample H (b) contour mapping of grains
from software for grain size distribution. Measurement scale on later image is not
calibrated to SEM image.
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(a)

Figure 3.13. (a) Histogram of grain size distribution on sample A with average at 14.4
nm and a standard deviation of 15.2 nm.
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(b)

Figure 3.13. (b) Grain size distribution on sample H with average at 11.2 nm and a
standard deviation of 11.7 nm. Grains appear to have a log-normal distribution. Box
plot on top shows statistical distribution and possible outliers in data.
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Figure 3.14. AFM surface images of some of the Ag sputtered films
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Figure 3.15. Trends in surface roughness of sputtered films as predicted from
screening experiment.
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(a) Evaporated sampled 0.05nm/s; Color scale at 100nm
(b) Sputtered sampled-A; Color scale at 30nm

Figure 3.16. AFM 3D images of evaporated (left) and sputtered (right) films
illustrating the differences in roughness and texture. Note difference in color scales on
two films.
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Figure 3.17. Ag/ SiO2 / Ag nanorods produced by evaporation and sputtering. A
higher degree of taper is noticed in the evaporated stacks (A on left) along with a higher
degree of agglomeration as compared to the sputtered film (B on right).
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CHAPTER 4

A Comparative Study of Fabrication Techniques for Metal and Metal-Dielectric
Composite Nanostructures.

4.1 Abstract

Periodic metal nanostructures have been of interest in the field of plasmonic

sensors and metamaterial fabrication. Different shapes, geometries and stacking of

metal-dielectric composite stacks have been proposed to vary optical response of the

nanostructures. However, the fabrication and characterization of these structures

present key challenges. This paper reports results from our experiments in fabricating

metal nanostructures of different geometries as well as metal-dielectric composite

layers. We have also reported results from our attempts at fabricating by ion beam

milling, e-beam, lift-off as well as reactive sputter etch processing. We have examined

these techniques primarily for Ag, Au and Al thin films which are of primary interest in

this area. The advantages and drawbacks of each technique are discussed, based on our

results. Furthermore, we have also shown some initial attempts at integrating these into

Si for possible integration of opto-electronic components. Finally, we report on the

results of structural characterization of these nanostructures using SEM, AFM and

TEM.
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4.2 Introduction

In the previous chapter we looked at metallic nanostructures and the interest in

these materials both from the nature of plasmonic behavior and their possible use in

fabrication of artificial meta-material structures. We briefly examined some of the

processing techniques commonly used and their relative merits. Fabrication of

nanostructures with dimensions below 100nm remains a challenging task. In this

current chapter, we report our results from fabricating a variety of these nanostructures

in both 2D and 3D and perform structural and morphological characterization. We

worked with materials primarily identified in previous papers as desirable in this

fabrication process. There have been relatively few reports of embedding these

structures in a Si structure which would enable integration of optical and IC

components. Hence, in addition to examining the fabrication of nanostructures we

describe how they were integrated into other possible device enabling structures.

Other than the size aspect of nanostructures, geometries or morphologies of

structures are also of considerable importance. Nanoparticles have more often been

synthesized by wet chemistries via reduction of metal salts or metal ions by a reducing

agent in a liquid [1]. Most of these particles are typically spherical in shape. Turkevich

[2], Frens and others [3] demonstrated spherical Au nanoparticles by boiling a solution

of Au chloride with a reducing agent, sodium citrate. Other newer techniques have

been established to form particles of a variety of shapes with Maillard et al forming
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disks [4] while others have formed rectangular and decahedral nano-rods [5,6,7,8]. The

effect of certain shapes of metal nanoparticles on optical properties and surface plasmon

resonances was studied by Gonzalez [9] and Noguez [10]. Figure 4.1 illustrates some

aspects of the shift in extinction coefficient with changes in morphology.

Periodic nanostructures can be fabricated by techniques which may be broadly

described as either additive or subtractive in nature. However, the suitability of

fabrication process may be more dependent on materials used and the desired

geometrical shapes. In the study of negative refraction, the importance of shapes has

been discussed with examples such as split ring resonator [11,12], L-shaped resonator

(LSR) [13], as well as the fishnet structure [14,15]. In this chapter, we examined the

fabrication of some of the more common structures as well as some which are fairly

novel in design. As the materials and composite stacks become more complex (multi-

layer of metal and dielectric films), the choice of fabrication techniques become more

critical. We have examined the formation of these complex structures through additive

processes as well as subtractive processes.

4.3 Experiment and Fabrication

Metallic nanostructures were fabricated by a variety of techniques depending on

the overall structure. The primary structure consists of metallic nano-patterns on SiO2
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glass. On the other hand, the integration of opto-electronics and integrated circuits is

highly desirable. This was a secondary structure which was explored during our

fabrication process. The metals which we have primarily worked with are Ag, Au, and

Al, and some exploratory early work was done with Ta.

The primary method used in nano-patterning has been ion beam etching (IBE)

and electron beam lithography (EBL). Details of these two techniques and their

equipment have been described in several texts [16,17] and papers. In the next section

we will describe the fabrication of the nano-structures for our devices.

4.3.1 Fabrication of nanostructures by ion beam milling

Glass wafers (150mm and 200mm diameter, Corning Inc.) were cleaned in SC1

(Standard Clean 1) consisting of a mixture of ammonium hydroxide, hydrogen peroxide

and water (1:2:30). Metal was deposited by sputtering on glass. In our study with ion

beams we looked at creating structures with two metals, Ta and Au. These are two

metals with different hardness and the experiment was primarily to see the effect of

material hardness on ion beam patterning and its ability to produce sharper corners.

These sharper features may be more desirable to produce enhanced plasmonic effects,

and are typically a challenge to produce with any of the nanolithography techniques of

EBL or ion beam milling. For Au, we used a 5 nm of Cr as an adhesion layer between

the Au and glass. The thickness of the metal was targeted between 25 and 50 nm and

was evaporated with an e-beam. Parts were sawn into 1 square inch pieces, and then
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patterns were written with ion beam. Structures were targeted at 70 nm square features

with spacing between 30-70 nm.

A 30 KeV Ga ion was used with the beam rastering the surface to produce the

patterns. Initial characterization with SEM was done to see the number of passes

needed to clear the metal layer. After patterning, samples were further analyzed by

AFM and SEM.

4.3.2 Fabrication with EBL

A more common approach to fabrication of nano-structures has been with EBL.

There are two possible methods to fabricate using EBL, (i) lift-off, a more common

technique, and (ii) subtractive etch. A typical e-beam resist is poly methyl methacrylate

(PMMA), a positive resist which we used as one of our resists. PMMA while having

very high resolution capabilities is not very resistant to etch chemistries. Hence,

PMMA (FEI Corp.) is used almost exclusively with a lift-off process. Another reason

for the wide use of the lift-off process is that the metals which we use typically for these

structures are the noble metals Au and Ag, which do not have volatile by-products in

dry etch process, making them chemically unsuitable for reactive dry etch. For

nanostructures, we avoided the use of wet etch because of the isotropic nature of etch

and lack of control of feature size. The initial efforts concentrated on fabricating Au

and Ag structures using lift-off techniques. Subsequently we examined the use of Al as

well with a subtractive dry etch process.
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Glass substrates were used for preparing initial samples. Wafers were coated

with a 20 nm indium tin oxide (ITO) by plasma vapor deposition. ITO is a common

transparent conductor used to coat EBL samples to reduce charging related

phenomenon during patterning. Glass wafers were again sawn into one square inch

pieces and cleaned with a dilute solution of SC1 followed by acetone and IPA. The

samples were baked in a flat plate at 170oC, to get rid of any adsorbed species or

organics. A spin coater was used to apply resist to the square pieces. The thickness of

resist is very critical and is important to control for getting adequate thickness of metal

at the bottom as well as controlling the lift-off process. Experiments were run with

different resist thickness by changing both spin speeds as well as dilution of resist

chemistry. Based on our experiments, we chose 495 PMMA (4% in anisole) for our

EBL samples for depositing a single resist layer. In order to obtain resist thickness

numbers, we used a stylus based profilometer (Tencor Instruments Inc., CA), to obtain

step profiles with the help of a Kapton tape. For very thin resists and for confirmation,

atomic force microscopy (AFM) was used to verify steps. After the samples had resist

coating, they were baked in a hot plate for 10-20 minutes between 145 and 170oC.

Some of these different temperatures were used as we progressed through different

stages of experimentation to better tweak the optimized pattern and lift-off conditions.

The samples were then written using an EBL tool with different exposure

dosages to characterize the optimum conditions for the different patterns. A total of 7

patterns were examined in our studies which varied in shape, pitch, and aspect ratios, as
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a result of these changes in dimensions. A developer based on a mixture of methyl

isobutyl ketone (MIBK) and isopropanol (IPA) was used to develop patterns on

PMMA. Some of the samples were exposed to five second oxygen plasma in a

downstream ash chamber, to remove any residual organic contaminants. The samples

were subsequently used for thin film deposition. Metallization and control of grain size

is another important aspect of the fabrication of nano-structures. The details of

metallization process and their impact on the grain size and texture have been discussed

in a previous publication. In this chapter we present results from films formed

primarily by evaporation and examined how those parameters are conducive to

producing the nanostructures of interest. A comparison between evaporation and

sputtered parameters and their effect in producing the nanostructures will be described

separately.

Acetone was used to strip the resist as the last part of the lift-off process to

remove metal from the undesirable areas along with the remainder of PMMA. The

primary issue encountered here was the ability of the solvent to go after very high

aspect ratio PMMA structures and to strip the resist. We studied the impact of using

different strip processes including using of a megasonic agitation. Any ultrasonic or

megasonic agitation seems to have a detrimental impact on the adhesion of these

structures, and a delamination of metal nano-structures is observed in some cases

including the complete removal of patterns. In many of these lift-off processes, acetone
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was put in water bath at 450 C and kept for a period of 48 hours to complete the process.

Samples obtained are characterized using both SEM and AFM techniques.

Subtractive etch as mentioned earlier is used less frequently in processing of

nanostructures. The resist used for subtractive etch was ZEP520. Glass pieces were

cleaned and metal (Au, Ag or Al) and dielectric layer (SiO2) were deposited, with either

sputtering or evaporation conditions, similar to processes described earlier. The

samples after deposition were rinsed and cleaned with IPA. Wiping of samples may

induce scratches and in some cases may even remove some of the thin metal layers.

Samples were baked at 200oC for 10 minutes before the application of resist. The resist

was spun after metal and dielectric stack was deposited, and thickness of resist was

targeted at 400 nm. EBL was used to pattern the samples. We have looked at applying

subtractive etch using a ZEP based mask for 3 different metal stacks- Ag, Au and Al.

In each case we used a 30 nm metal followed by 10 nm SiO2 and a 30 nm metal on top

mimicking structures we attempted with the lift-off process.

After the resist was developed, we etched the samples in a STS ICP (STS Inc.

UK) etch chamber. For both Ag and Au we primarily relied on an Argon induced

sputtering. Small amounts of Cl or F based species were added to the gas mixture. In

the case of Al we also used a Cl based etch along with Ar and, finally a F based

chemistry was used at the end of processing. This was done to reduce chlorine-based
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corrosion (upon exposure to moisture) of the Al metal and was preferred to an oxygen

ash as that would oxidize the thin layers of Al.

4.3.3 Integration with Si

Integration of an optical component to a Si wafer was considered as described in

this section. Si wafers were oxidized in a furnace to form protective oxide which would

be similar to a field oxide formation on a standard transistor device. The backsides of

these wafers were patterned using laser to create an opening. A 532 nm wavelength ns

laser was used to ablate the 1µm SiO2 hard-mask. It is to be noted that any standard

photolithography techniques would be sufficient for this purpose but a laser patterning

was used instead just for convenience. The Si was then etched in an isotropic tetra-

methyl ammonium hydroxide (TMAH) at 85 0C for approximately 9 hours to etch Si

and form a cavity. The SiO2 layer acts as an etch stop for the TMAH and was found to

be an adequate mask for this process. Figure 4.2 shows a schematic of this process

flow. After the Si cavity is formed, metal is deposited on the top side of the Si. The

metal was pattered with ion beam techniques as described earlier in Section 4.3.1. In

order to coat the sample with a transparent polymer, the sample was mounted on a spin

coater and a polymer (SU8 2000) was spin coated. No mechanical damage was

observed in the oxide membrane as a result of this spin on process. The spin speeds are

adjusted to get the desired thickness.
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In an alternative integration approach e-beam patterned samples were also

coated with SU8 which was baked at 175 0C and exposed, to induce cross-linking

protective coating prior to creating vias from the backside. With some larger alignment

marks a larger diameter via was created with laser and dry etch techniques to fabricate a

through-via in order to demonstrate integration.

4.4 Results and Discussion

Figure 4.3 shows the SEM image of a nanostructured pattern created by an ion

beam on a 25 nm film of Au. The aim of this patterning was to create square patterns of

approximately 60 nm dimension on each side, with a street width of 40-60 nm in

between. Figures 4.4 and 4.5 show the tapping mode AFM images of these structures

with Au and Ta respectively. It can be seen that the corners were not perfectly sharp,

and a rounding of corners was observed for both Ta and Au. However, the harder Ta

actually produced more rounded corners due to longer ion beam residence time to clear

the material. These structures were fabricated on the thin oxide membrane on top of the

Si as well as on glass.

Figure 4.6 shows Au patterns on glass and we can see an impact of larger grains

in Au, which do not clear from the streets (open areas which we attempted to remove)

during the ion beam milling process. In addition, the impact of longer residence time or
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increased current appeared to cause the structures to change significantly. The impact

of this is seen in another structure which was fabricated by milling Au on glass, as a

modification of the LSR structure [13] where it was embedded in a cavity surrounded

by metal (one could say LSR in a larger fishnet structure). In Figure 4.7a we have a

lower magnification image of the structure while in Figure 4.7b we see that there are

areas where Au is left behind as a result of these larger grains and prevented us from

isolating structures.

It is to be expected that some variation will exist in grain size in most thin film

depositions. However, with ion beam etch process, grain size control and minimization

would be of increased importance and, at times be a limitation for being able to create

nanostructures and their isolation. In addition, rounding of corners and changing shape

of desired patterns with increased residence time of beam indicate additional limitations

in obtaining isolated metal patterns or geometries with ion beam techniques. These

issues have not received adequate attention in the literature on fabricating periodic

arrays of metal nanostructures.

Fabrication work with e-beam has shown more promise in our experimental

work. Subsequent to our initial experimentation, a majority of nanostructures were

produced by this method. Triangular bow-tie structures [18] are of interest for

confining electric fields in a localized region in spaces below diffraction limits.

Triangular nano-patterns have also been studied in fluorescence enhancement of
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colloidal nano-crystals [19]. Circular multilayered metal-dielectric nano-discs [20] has

been another structure of interest in exploring local fields for SERS. Different

structures have been explored in studying the negative refraction phenomenon in the IR

and visible spectrum, as well as for plasmonic behavior at selective frequencies.

Dolling et al [15] have shown negative refractive behavior at 780nm with the fishnet

structure. Here, we explored fabricating such nanostructures either as a single metal

layer or as a metal-dielectric-metal stack. Inverse patterns were also attempted in order

to create a fishnet structure, or air cavities of different patterns.

The simplest structure is a 2D single metal layer where typically Au has been

formed by evaporating 30nm of Au (with 5nm Ti adhesion layer) with a lift-off process.

Figure 4.8 shows top down SEM image of a Au nano-rod array which was created with

techniques described earlier with evaporation. AFM measurements (Figure 4.9) indicate

the stack height to be of 33 nm which is very close to our target value. AFM

measurements also indicate some tapering of the structure, but tip radii in AFM probe

could also produce this artifact. Hence, for other dimensions of structure, including

proximity of structures, it is safer to rely on SEM measurements. TEM was used to see

the cross-section of the nano-structure which is shown in Figure 4.10.

In addition to creating nanostructures in 2D where a single metal is used, there

has been interest in creating 3D structures where multiple stacks of metal and dielectric

are also created. This next level of complexity is a single stack of metal / dielectric /
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metal, and Figure 4.11a shows the top down SEM view of such a structure where we

have used a 30 nm Au/ 10 nm SiO2/ 30 nm Au again in a lift-off process, while Figure

11b is for a Ag stack of same dimensions. There are differences in the texture of the

two metals and how they have formed, with the Ag having a rougher texture with more

signs of formation of clusters, while Au has a more smooth appearance. The exposure

doses of these samples were varied to optimize patterns. The exposure dose and

minimum feature size targeted is noted in Table 4.1. The final dimensions of these Ag

/ SiO2 / Ag nanodisc and nanorod structures were measured from the SEM images and

averaged over 10 sites of the 75 x 75 m area and are reported in Table 4.2 and Table

4.3 respectively. The height averages were computed from AFM measurements.

Finally, we also attempted to produce a multilayer stack with 3 layers of Ag, 30

nm each, separated by 10 nm of SiO2, and some of the structures are shown in Figure

4.12. From the SEM image, it is apparent that there is a certain degree of tapering.

Similar effects have been reported by Boltasseva et al [21] and Dolling et al [22] with a

multi-layer stack. The AFM image of our structure is shown in Figure 4.13, and it

shows a height of stack in between 120-125 nm, which is again close to our target total

height.

Figure 4.14 (a-c) shows the SEM images of a variety of patterns besides

nanorods (a- Discs, b-Triangles, and c-Rectangles) created with EBL and a liftoff

process using PMMA on glass samples as described earlier. These structures consist of
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a 50 nm Ag / 20 nm SiO2 / 50 nm Ag stack which also has a 5 nm Ti as a glue layer

under the first Ag layer only, and all layers were formed by evaporation at 0.05 nm/s.

Fishnet structures with inverse patterns were more difficult to create with a lift-

off process using these process conditions. With a stack height of 120 nm (50 nm

Ag/20 nm SiO2/50 nm Ag), and a PMMA thickness of 170 nm, we observed issues with

continuity of the top layer, leading to surface damage in top Ag layer as well as

incomplete resist removal (Figure 4.15). This could be from larger grains in Ag or

thermal effects on resist from the longer deposition (slow evaporation) process.

Subsequent attempts at lowering metal thickness did not help in creating a better pattern

in the inverse patterns. It is to be noted that with these small cavities (< 70 nm), the

exposed area for lift-off with acetone is minimal, and any distortion of resist pattern due

to thermal effects would make lift-off difficult.

Finally, we attempted creating structures with subtractive etch using ZEP-520

resist on metal and metal stacks described earlier. It appears that ZEP 520 has some

issues with surfaces of Au and Ag and the adhesion was relatively poor and the etching

did not produce desired structures. This problem was compounded further by the

physical component of sputtering which had to be done for both Au and Ag. However,

in Al we were able to produce certain structures which will have perforated cavities in a

metal and a metal/dielectric stack. The metal stack comprise of a 5nm Ti/ 50nm Al /

20nm SiO2 / 50nm Al. Figure 4.16, shows some of these structures similar to fishnet
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structures. The minimum dimensions of the width of these structures were about 60-

70nm as measured by SEM.

4.5 Conclusions

A wide range of structures were created using EBL and IBE. It was seen that

IBE used in conditions described have limitations in isolating structures as well as in

shapes of defined structures. Structures of various shapes and morphologies were

created with dimensions < 100nm, with EBL. We successfully fabricated structures

both in 2D and 3D with an Ag, Au and Al, which are some of the metals of interest in

the field of plasmonics. The different metals show difference in textures, which can be

dependent on the material as well as the deposition conditions. Structures which are of

primary interest in the field of meta-materials consisting of a multi-stack composite

consisting of single and multi-layer metal-dielectric-metal stacks have been

demonstrated with Ag, Au and Al. The metal on the top surface layer shows some

degree of clustering in the evaporated metals, and the overall structure shows a certain

amount of tapering. This could affect optical properties and loss, and further processes

need to be explored to produce films minimizing these artifacts. We also demonstrated

the integration of these structures into Si with nano-structures formed on a thin oxide

membrane. With the current techniques described we have also observed roughness

and discontinuities in the structures where we have tried to create perforations in metal
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and metal-dielectric stacks (fishnet structures). Optical studies need to be completed to

study the impact of these imperfections as well.

In addition to fabrication techniques with EBL and lift-off techniques, we have

examined the feasibility of forming structures by subtractive etch using the ZEP resist.

Of these, Al shows the most promise both due to the nature of the interaction of the ZEP

molecules with the Al surface as well as the the compatibility of dry etchant gases

resulting in the formation of volatile etch species for Al. Higher aspect ratio fishnet

structures shows relative ease of fabrication with subtractive etch as compared to lift-off

techniques. However, suitable etch masks and etch gases needed to be optimized for

Ag and Au. Structural characterization has been possible by SEM, AFM and TEM.

Structures thus made will be further submitted for optical characterization.
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Table 4.1. EBL exposure dose and minimum feature dimensions for various patterns.

Feature Shape Circular

Nanodisc

Triangular

Structures

Rectangular

Patterns

Nanorods

Targeted

Minimum

Dimension

(nm)

70 nm 70 nm at base 100 nm x 115

nm with a gap

of 70 nm

110 nm x 390

nm with

diagonal gaps

of 60 nm

Exposure Dose

(µC) /cm2

410 335 355 345
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Table 4.2. Structural dimensions of Ag / SiO2/ Ag nanodisc patterns as obtained from

SEM and AFM. Each measurement is from a different structure across the sample.

Disc Diameter, nm

Pitch, nm Height, nm

Bottom Top

1 114.0 59.0 182.0 41.7

2 104.0 66.0 178.0 50.1

3 112.0 62.0 176.0 40.4

4 106.0 60.0 178.0 43.4

5 112.0 64.0 182.0 48.2

6 114.0 64.0 176.0 50.2

7 114.0 64.0 178.0 43.8

8 112.0 62.0 178.0 45.5

9 114.0 62.0 178.0 47.9

10 112.0 60.0 176.0 42.7

Average 111.4 62.3 178.2 45.4

Std. Dev. 3.5 2.2 2.2 3.7
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Table 4.3. Structural dimensions of Ag /SiO2/Ag nanorods as obtained from SEM and

AFM. Each measurement represents the center of each nanorod.

Nanorod

Width, nm

Pitch,

nm Length, nm

Min

Dist, nm

Bottom Top Top Bottom

1 141.0 89.0 316 453 396 64

2 145.0 81.0 324 458 401 61

3 153.0 85.0 316 444 391 65

4 145.0 85.0 316 463 382 61

5 145.0 85.0 312 449 401 68

6 153.0 81.0 304 468 396 58

7 145.0 89.0 316 463 396 66

8 145.0 89.0 312 458 401 71

9 151.0 85.0 308 449 396 61

10 145.0 81.0 316 462 391 66

Average 146.8 85.0 314.5 456.7 395.1 64.1

Std. Dev 4.0 3.3 5.6 7.7 5.9 3.9
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Figure 4.1. Optical response variation from different nanostructures in solution [10].
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Figure 4.2. Schematic process flow summary of integration of nanopatterned structures
in a Si device
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Figure 4.3. SEM image of square patterns on Au created by FIB

300nm
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Figure 4.4. AFM of Au patterns from FIB



123

Figure 4.5. AFM patterns of Ta nanostructure as created by FIB.
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Figure 4.6. SEM top down image of Au on glass patterned with FIB, where larger
grains are not separated.

500 nm
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Figure 4.7. A(a) low and (b) high magnification view of a L-shaped resonator in a
square well patterned with FIB. The magnified image (b) shows some of the bridging
structures.
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Figure 4.8. Top down SEM image of Au nanorod arrays.

500nm
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Figure 4.9. AFM image measuring the depth of a single layer Au nanorod structure.
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Figure 4.10. TEM cross-section of a Au nanorod structure formed by evaporation and
lift-off technique.
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Figure 4.11. An Au / SiO2/Au (left) and Ag stacks (right) of similar dimensions
produced by evaporation and lift-off techniques.

500nm500 nm
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Figure 4.12. A 3-layer Ag stack each with 30 nm Ag layers separated by 10 nm of
oxide. The image on left is a top down view, while on the right we see a magnified
image with a tilt.

1 um

200nm



131

Figure 4.13. AFM image of 3-layer Ag /dielectric from above.
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(a)

(b)

(c)

Figure 4.14. (a) Circular disc structures of 30 nm Ag/10 nm SiO2/30 nm Ag (b)
Triangular structures with the metal stack and (c) Rectangular structures.

200nm

200nm

200nm
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200nm

Figure 4.15. Perforated fishnet structure of 50 nm Ag/20 nm SiO2 /50 nm Ag, showing
some damage on Ag top layer as well as some residual PMMA from lift-off.
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Figure 4.16. Top down SEM view of a perforated fishnet structure formed on 50 nm
Al /20 nm SiO2/50 nm Al with reactive dry etch.

500 nm 500nm
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CHAPTER 5

Thin Film Physical Vapor Deposition and Impact on Fabrication of Ag-SiO2-Ag
Composite Nanostructures

5.1 Abstract

Ag nanostructures have been of wide interest to researchers examining

plasmonic sensors and metamaterials due to some of the unique properties of these thin

film systems. Thin film deposition by physical vapor deposition (PVD) conditions

affect grain size and morphology of such thin film systems. In this chapter, we

examined the effects of deposition parameters on the formation and properties of Ag

nanostructures. We were able to successfully optimize the process and identify key

parameters in controlling and fabricating different nanostructures with a variety of

aspect ratios and geometries. Based on these studies we can conclude that for both

sputtering and evaporation a higher source-to- substrate distance is optimal. While this

condition did not produce the largest sized grains, it led to more refined and accurate

structures and also allowed the lift-off of more demanding structures. It was also seen

that higher deposition rates in sputtered and evaporated processes did not have a

detrimental impact in the ranges studied. Finally, it was found that a higher degree of

cooling and temperature control for samples would be desirable during the fabrication

of some of the more complex structures.
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5.2 Introduction

The interaction of electromagnetic waves with materials has been an area of

study and development since the inception of electromagnetic theory. Light interaction

with metal surface is primarily with free electrons in the metal which behave like a

plasma and the dielectric function becomes negative below plasma frequency [1]. It has

been further proposed that surface excitations which result from perforations in highly

conducting surfaces can be varied in dimensions and spacing which could allow for

changing the dispersion behavior. The influence of shape of nanoparticles on optical

absorption behavior has been reported in several papers [2,3,4]. The absorption again is

thought to be from collective oscillation behavior of conduction band electrons, or a

plasma like behavior. Hence, metal nano-structures have been of considerable interest

in the field of plasmonics and meta-materials [5,6,7]. Ag and Au are two metals of

considerable interest in the field of plasmonics and negative refraction, due to their low

loss and distinct absorption band in visible spectrum [8,9,10,11].

In nanostructures (nanocomposites) the inhomogenieties can exist in scale which

are much smaller than the wavelength in question and hence can be treated as a

homogeneous material or rather the wavelength does not respond to each discrete

structure but responds to aggregate or a macroscopic resonance of the structure. The

phenomenon of plasmonics or negative refraction is not limited to periodic structures
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but extends to random nano particles as well. However a periodic structure may result

in a more predictable behavior. Periodic nanostructured dielectrics have also evoked

interest in the area of photonic band gap materials [12,13]. However, a key difference

with the phenomenon of negative refraction lies in the fact that photonic band gap (i.e.

the band gap) arises from multiple Bragg scattering events within the periodic array. In

contrast the phenomenon of negative refraction can occur due to a single scatter

resonance [14]. However, the practical limitations of testing and examining of these

structures require a larger area where it may not be possible to collimate beam to a

small area. What we see in optical characterization techniques are averaged responses,

and in order to obtain the true characteristics we need to fabricate structures over a

larger area as compared to our beam size. Fabricating such nano-structures over a large

area continues to be challenging, and a variety of techniques have been discussed in

literature [15,16,17]. E-beam lithography remains the most promising technology in

terms of making prototype structures where one is examining different geometries and

materials. Once a structure has been identified as requisite for a particular application,

one can extend those with nano-imprint or other technologies which could be more

suitable for manufacturing. In this chapter we continue to look at refinement of making

nano-structures in 2D- and 3D where the properties of the thin film and deposition

process influence our ability to fabricate the desired structure.

In a previous chapter we examined the impact of PVD conditions and

parameters on the crystalline structure of the thin film and material properties. We have
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further examined how these microstructural and morphological changes due to

deposition conditions impact the fabrication of metal nanostructures.

5.3 Experimental

The primary purpose of this experimental work was to see the impact of PVD

deposition conditions on nanostructures fabrication process through lift-off. The lift-off

process and its variations has been discussed in other publications [18,19,20], and

details of our work has been described earlier as well. Hence fabrication processing has

been summarized briefly in this text. We will examine two PVD techniques of

sputtering and evaporation and consider their relative merits.

Glass pieces of 1 square inch were cleaned in ultrasonic bath, and indium tin

oxide (ITO) was deposited on them by sputtering. Typical ITO thickness was kept at 20

nm. The samples were then baked on a hot plate at 200oC under a fume hood. After the

samples cooled down, PMMA was applied by spin on process with attempts made to

keep the resist thickness uniform across different samples. The samples were baked at

170oC on a hot plate for 15 minutes. E-beam patterns were written on them which

included a variety of designs, each at its own optimized exposure conditions. After

developing and a brief (5s) oxygen, ash the samples were ready for PVD deposition.
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The deposition parameters investigated in this experiment were consistent with

details outlined in Chapter 3 with blanket thin films. The deposition rate was controlled

by power applied to target in DC sputtering, while power was modulated in e-beam or

resistive heating for evaporation to obtain a fixed deposition rate. In addition, the

source-to-substrate spacing was found to be another important parameter for grain size

control. There were temperature limitations both in tooling and our process sequence

where we were using PMMA for lift-off. Hence we were able to examine a smaller

temperature range for the sputtering system alone, by heating the pedestal or keeping it

at room temperature by cooling water. Direct pedestal cooling in evaporation chambers

is a more challenging hardware setup and was not studied here, but thermocouple

measurements do not show temperatures to get above 350 C (308 K), during any

deposition process. Finally, the last parameter we examined was pressure during

deposition. For our experimentation we chose a stack of Ag/SiO2/Ag, with Ag

thickness targeted at 40 nm and SiO2 thickness at 12.5 nm. The films had a 5nm Ti

adhesion layer in between the ITO layer on the substrate and the first Ag layer.

From our experiments with blanket thin films earlier we saw little evidence of

pressure playing a significant role in the range we studied (between 1 and 10 mT).

Hence we did not vary that parameter for sputtering. In addition, we observed that

increased the source-to-substrate spacing and lower power decreased grain size while

larger grains were optimal at lower spacing and higher power. Ideally, one would like

larger grains to reduce losses from grain boundary scattering, but those parameters
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could conflict with the ability to have a successful lift-off process, where we need

deposition primarily at the bottom of our structures only. In addition, increased

temperature could improve grain sizes, but again may not be compatible with PMMA

resist. Table 5.1 lists the details of parameters varied in sputtering process while

looking at feasibility of creating the optimized nanostructures. For evaporation we

looked at varying evaporation rates as well as source-to-substrate spacing as our two

variables.

After metallization is completed, we soaked the samples in acetone for a period

of 24 hours. If we noticed incomplete lift-off, we extended the soak for another 24 hour

period. From past experimentation we avoided using extended periods of sonication, as

it has led to thin film delamination of structures. Once the samples dried after liftoff

was completed, we proceeded with characterization with SEM and AFM.

5.4 Results and discussion

Samples which were run at 373 K (100oC) visually exhibited a rougher texture

on non patterned areas, prior to lift-off indicating some degree of possible reticulation.

This was more prevalent in the case of small source-to-substrate spacing indicating

heating of substrate from the target or plasma. Samples which were cooled (300 K) did
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not show this level of roughness. Any changes in resist profile, from increased

temperatures can affect both lift-off process as well as critical dimensions of samples.

Table 5.1 compares the relative average stack height of all nanorod and nanodisc

structures as obtained by different sputtering conditions. Figure 5.1 shows a nanorod

and nanodisc structure illustrating the targeted dimensions. An illustrative AFM image

of nanodisc is shown in Figure 5.2 accompanied by the calculation of the average height

of stack. A larger sample was taken from different areas of a structure to show the

statistical variation of dimensions across the nanostructure pattern and is reported in

Table 5.2 for nanodiscs and Table 5.3 for nanorods. The samples are taken from

discrete structures and are spread across the 75 x 75 um square sample to get a wider

distribution. These samples do not show significant tapering from a top down SEM

image as seen in Figure 5.1. Hence, unlike evaporated samples reported previously in

Chapter 4, we did not distinguish between dimensions at top and bottom of sample. For

lateral dimensions a difference in AFM and SEM dimensions are normal, and arise due

to the probe diameter of the AFM tip. Hence, AFM was used for vertical dimensions

(height) while SEM images were used to measure lateral dimensions of nanostructures

including pitch.

Depending on deposition conditions we were at times unable to get stack height,

and in these cases on examination with SEM we see that there are issues with lift-off

process indicating that these are not optimized deposition conditions for the structures.
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This is illustrated in Figure 5.3, which shows the top down optical image and SEM

image of the nanorod patterns where a lift-off was unsuccessful even after multiple

soaks and cleans. Such results happened for the sample run at the higher temperature

and closer substrate-to-sample distance. In our previous study with blanket thin films,

we have seen that these conditions also resulted in larger grain sizes, and it is possible

that the larger grains may result in continuous films which would not favor lift-off.

Additionally, when the substrate temperature was high, and was in close proximity to

the target, changes in resist profile to cause tapering would result in unsuccessful lift-

off. Sidewall coverage by metal films may also happen due to closer proximity where

atoms arriving at an angle may coat side-walls.

A lessening in stack height is also seen for nanorod pattern when we have a

lower pedestal temperature, but again sample stays at closer proximity to target. Other

than issues raised with larger grains, this could also result in some re-sputtering and

explain some of the large variations we see in height, where stringers (residues) from

sidewall may be affecting height, illustrated in a 3D-image of sample in Figure 5.4.

These samples also show an incomplete and discontinuous Ag layer on top (layer on top

of oxide). This discontinuous layer could be further compounded due to lack of an

adhesive layer at that oxide and Ag interface. Figure 5.5 shows what appears to be

small grains of discontinuous Ag film on top of the structure which in some cases are

particulates dislodged from the surface.



145

Based on our results of both the success of the lift-off process and relative height

of the structures, it can be concluded that best results could be obtained when the

samples were deposited at a higher source-to-substrate distance as well as lower

temperatures. When we correlate this with the results we obtained for the grain size of

the thin films it is important to note that the fabrication process was more conducive to

smaller grains which may result in some films with higher degree of grain boundary

scattering losses. However, these films had a smoother texture and may be able to

reduce other optical scattering phenomenon. A higher deposition power (faster

deposition rate) may allow the residence time of the sample to be lower and avoid

heating sample over time, but a lower pedestal temperature may be more desirable when

a high power is utilized to minimize sample heating from radiation from target. Our

equipment was not capable of active cooling (below room temperature), and we have

not been able to cool substrate to low temperatures during higher power deposition.

Compared to earlier structures made with evaporation, structures show a much lower

level of tapering, although relative spacing of source-to-substrate remains higher for

evaporation.

The other set of patterns which we examined are those with perforations in the

thin film structure, similar to the fishnet structure. With the sputtering process we see

relatively little success to create these patterns. We attribute this, at least to some

degree, of re-sputtering on resist sidewalls with the relatively smaller openings

(perforations) resulting in no lift-off.
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The second PVD method we have examined is evaporation and its associated

deposition parameters. As reported earlier we had seen significantly rougher surfaces

with Ag evaporation including formation of clusters and in general larger grains. We

had also reported some evidence of tapering of structures from shadowing effects of

evaporation. Based on our findings we modified our deposition conditions to further

separate source-to-substrate spacing and also included slower evaporation rates.

Source-to-substrate distance was varied between 750 mm and 915mm, and deposition

rates were varied at 0.01nm/s to 0.05nm/s. It is to be noted that these source-to-

substrate spacing ranges are much further than standard sputtering chamber ranges and

thus enabling us to produce long-throw deposition.

Slowing evaporation rates at high source to substrate spacing have a lower

impact, than those observed at lower source-to-substrate spacing on formation of

nanostructures and their morphology. However, the ability to clear and form some

structures may depend on their relative aspect ratios. For structures described in Table

5.1 (similar to structures created by sputtering) we do not see any difference based on

evaporation rates mentioned above. However, for both evaporation conditions we see

evidence of a structure with much lesser degree of taper at the higher source-to-

substrate spacing as compared to samples made at closer spacing. Figure 5.6 and 5.7

shows top down SEM view of rectangular structures and nano rod structures,

respectively. These structures were formed by evaporation at the shorter distance (750
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mm) as compared to the larger separation with both of these showing a Ag/SiO2/Ag

stack with Ag evaporation at 0.05nm/s.

AFM stack heights and profiles are shown in Figure 5.8 comparing some of the

different evaporation conditions. The other significant improvement we saw with

increased source-to-substrate spacing in evaporation process is our ability to create high

aspect ratio perforated structures or fishnet structures. With this process we have seen

some of the best lift-off processes, and these represent some of the most challenging

structures which have been produced. Figure 5.9 is a comparative image showing

relative results from sputtering, evaporation at lower heights and then under some

current conditions. It is evident that with sputtering we were unable to clear the resist

from the holes. We obtained partial success with evaporations at previous conditions

and a relatively cleaner structure with the new set of evaporation conditions producing

the perforated structures with stack metal /dielectric film with different aspect ratios.

Table 5.4 shows some of the dimensions of the fishnet structure which we have

obtained from the optimized evaporation process.

Increasing the source-to-substrate distance while enabling better nanostructures

did have some disadvantages. The increased distance in evaporation led to significant

loss in metal and although evaporation sources are cheaper than sputtered targets,

significant loss in metal in chamber occurs with increased distance and time to complete

process. Some additional efforts were also made in evaporation system to see effect of



148

increased pressure by introducing inert gas Ar in the chamber during evaporation. This

modification did not show any improvement in final nanostructures obtained. The

conditions for Ag evaporation were also repeated for some other metal systems, such as

Au, and we were able to see qualitatively similar effects in the processing of such

nanostructures.

Finally, we also report on some optical results from the nanostructures we have

fabricated. One of the methods of optical characterization of nanostructures is to look at

extinction coefficient [21,22,23]. Extinction coefficient as described in Chapter 3 is the

loss due to scattering and absorption per unit length. For particles much smaller than

the wavelength, this is primarily losses due to absorption [3]. The wavelength of

response is predicted to be dependent on the geometrical structure, while the absolute

value of the absorption would depend on the thickness of the structure.

The optical setup for conducting preliminary experiments is shown in Figure

5.10. A collimated beam of white light is focused on the nanostructure on the glass

sample. The typical dimension of the nanostructure pattern is a 75 m square and the

beam diameter is kept constant at 50µm. The source light is a halogen lamp with a

cutoff wavelength at 400 nm. The thickness of the structures which have been

measured using AFM is provided for calculating the extinction coefficient. The

extinction coefficient is shown in absolute units.
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Figure 5.11 shows the extinction coefficient in the visible spectrum of two of the

nanopatterns created with nanocavities in Ag/SiO2/Ag stack. The absorption peak shifts

as the shape of the structures change from nanorods to wider rectangular structures. A

more diverse set of nanostructures with Au was also tested which is shown in Figure

5.12, which also show shifts in the absorption peak as geometry is varied. Additional

investigation continues in this area to determine exact nature of these responses.

5.5 Conclusion and future directions

In this chapter we extended the study of thin film metal deposition parameters

from blanket films to active nanostructures and examined those effects in processing.

We were able to successfully optimize the process and identified key parameters in

controlling and fabricating different nanostructures with a variety of aspect ratios and

geometries. Based on these studies we can conclude that both for sputtering and

evaporation a higher source-to-substrate distance is optimal. These conditions have

shown to produce smaller grain sizes during our characterization of blanket thin films

and hence we conclude that the smaller grains are more suited for formation of these

nano-structures. While these conditions may not produce the largest sized grain, they

led to a more refined and accurate structures and also allowed the lift-off of more

demanding structures. It was also seen that higher deposition rates under sputtered and

evaporated processes with high source-to-substrate distance did not have a detrimental
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impact in structure formation, in ranges studied. However the samples need to be

adequately cooled to prevent over-heating of resist. In comparing evaporation with

sputtering, the later has some more tooling parameters in controlling process and grain

size. However, the long throw capability in evaporation and possibly less re-sputter

material on sidewall in this later process allow it to be a first choice. Based on our work

we can also conclude that a higher degree of cooling and temperature control for

samples would be desirable in some of the more complex structures. These processing

conditions can be extended to other material systems although specific optimization

may be necessary. Finally we also reported some early optical data and being able to

modulate the response of the extinction coefficients from the different shapes of

nanostructures fabricated.
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Table 5.1. Sputtering parameters and relative height of nanostructures

Sputter Conditions Ave. Stack height (nm)

Power

(W)

Spacing

(mm)

Temp.

(K)

Pressure

(mTorr)

Disc

(AR*~3)

Nano-rods

(AR~1.6)

1000 160.0 373 1 47.05(1) 69.24

1000 86.4 373 1 16.8 NA

100 160.0 300 1 50.08 71.71

100 86.4 300 1 14.7 48.28(2)

AR* is defined to be aspect ratio and calculated approximately here as a ratio of

resist height to minimal lateral dimension

(1) Sample target was thinner at 300/100/300 compared to 400/125/400 for other

samples.

(2) Significant height variation observed
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Table 5.2. Averaged dimensions and standard deviation of nanodisc structures by
sputtering. Samples are taken from each discrete structure over different regions of the
sample. Pitch refers to the center to center distance between each structure.

Nano-disc Diameter Pitch Height

1 91 182 45.9

2 83 186 49.6

3 91 179 48.9

4 91 191 42.1

5 83 182 49.8

6 83 182 42.2

7 91 174 42.7

8 91 181 45.2

9 83 191 45.3

10 91 186 45.6

Average 88.0 183.3 45.2

Std. Dev. 4.1 5.8 2.9
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Table 5.3. Average and standard deviation in dimensions of nanorod structures by
sputtering.

Nano-Rod Width Length Pitch Min Dist Height

1 141 453 314 73 66.4

2 137 448 310 73 76.3

3 137 448 314 69 71.1

4 133 448 310 72 76.9

5 141 453 310 78 69.1

6 141 458 306 80 69.7

7 137 448 310 73 77.1

8 145 448 310 74 77.5

9 141 458 310 77 71.4

10 141 455 313 73 72.7

Average 139.5 452.0 310.4 74.5 73.2

Std. Dev. 3.7 4.6 2.4 3.6 3.5
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Table 5.4. Average and standard deviation of dimensions of fishnet nanostructures as
created by evaporation and lift-off processing based on multi-site measurements. Refer
to Figure 5.9 d for nomenclature of structures.

Fishnet

Structure Line Width (nm) Cavity dimensions (nm)

L1 L2 W1 W2

1
120 67 77 104

2
121 63 67 113

3
121 70 78 98

4
116 69 69 107

5
122 67 69 105

6
121 68 70 100

7
109 76 74 95

8
118 62 76 99

Average
118.5 67.8 72.5 102.6

Std. Dev.
4.3 4.3 4.2 5.8
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Figure 5.1. Nanodisc and nanorod patterns as obtained by sputtering
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Figure 5.2. AFM image of nanodisc patterns and illustration of measurement of stack
height
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Figure 5.3. Optical image of nanorod structure on the left shows the entire 75 x 75m
pattern with a large area affected by incomplete lift-off. SEM image on right shows a
magnified view of different layers in the incomplete lift-off process
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Figure 5.4. AFM image of sample at close proximity to target and showing a higher
height at edges of many of the nano-rod structures
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Figure 5.5. Discontinuous top layer when substrate is placed closer to target
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Figure 5.6. Rectangular structures produced by evaporation as source-to-substrate
height is varied. Sample on left shows evidence of higher degree of tapering and is
formed when the distance separating source and substrate is smaller.
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Figure 5.7. Nano-rod Ag/SiO2/Ag stacked structures produced at different source-to-
substrate spacing with image on left at a smaller spacing
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Figure 5.8. AFM profiles of some evaporated films. Sample evaporated at highest
source-to-substrate spacing. Image on left is from the nanodisc structure while on the
right from a nanorod structure

100nm 100nm



165

Figure 5.9. SEM views of fishnet structure produced by (a) sputtering and evaporation
at closer spacing (b) and evaporation at high spacing with optimized conditions (c and
d). Image (d) also shows dimensions identified in Table 4.
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Figure 5.10. Optical setup schematic for measuring the extinction coefficient of the
nanostructures.
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Figure 5.11. Optical extinction coefficients of Ag /SiO2/Ag (70 nm stack) showing
rectangular shapes (left) and nanorods (right). Images are separated since absolute
values of (extinction coefficient) in them are significantly different.
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Figure 5.12. Optical extinction coefficients of Au /SiO2/Au (70 nm stack) showing
rectangular shapes and nanorods.
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CHAPTER 6

Metallic nanostructures in a Polymer Matrix and Substrate- Fabrication and
Structural Characterization

6.1 Abstract

Metal nanostructures are of considerable interest in the field of plasmonics and

metamaterials and could have a wider impact if they are successfully embedded in a

stable, inert and flexible polymer matrix. Fabrication of such structures are challenging

for a variety of reasons including thermal stability, material compatibility with

processing steps and general handling of material. In this work we have demonstrated

the fabrication of metal nanostructures and successfully embedded them in a polymer.

Furthermore these structures were fabricated successfully on a flexible polymer

membrane and detached from a carrier substrate. Characterization of these structures

was additionally accomplished with SEM, TEM and EDS.

6.2 Introduction

Optical properties of metal nanostructures have been in the realm of current

research, due to their enhanced plasmonic response and possible use in fabrication of

artificial meta-material structures [1,2,3,4]. These structures have shown enhanced

effects in surface-enhanced Raman spectroscopy (SERS) [5,6], and have been proposed
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as waveguides [7] for optical devices and computing, as well as in bio-sensors [8,9]. In

a previous chapter we examined some of the commonly used processing techniques and

their relative merits. Fabrication of nanostructures with dimensions below 100nm

remains a challenging task. In addition, we have previously looked at material selection

and thin film processes which are important for fabrication.

Embedding optically sensitive metal nanostructures have been mentioned in

some studies [10] and low temperature processes [11], but the fabrication of these

structures in a polymer substrate and embedding them in a polymer matrix presents its

own unique challenges. These include deposition temperature, compatibility of

polymer with solvent chemistries and adhesion of thin films to these substrates. Hence

there is relative lesser research and evidence of how embedding these structures in a

polymer matrix would affect the aforementioned optical properties. However, there are

needs where one envisions using a polymer matrix to surround these nanostructures.

A method of compensating inherent loss of metal nanostructures has been

proposed by the use of photo-active dye to enhance signals [10]. In biomedical

applications stability of metal nanostructures, especially Ag, in a polymer matrix, could

be of added importance due to its affinity with sulfur [12]. While there have been

several papers on the optical behavior [1,4,13,14] obtained from these both the periodic

and random nanostructures, surface and structural characterizing of periodic
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nanostructures has been limited and difficult, and presents an opportunity for further

study.

In this chapter we have fabricated a variety of these nanostructures and

embedded them in a polymer matrix. Subsequently we have tried to fabricate these

structures on a relatively flexible polymer substrate. We have worked with materials

primarily identified in a previous chapter as desirable in this fabrication process.

Subsequently we performed structural characterization of these nanostructures and

examined issues which may arise from fabricating process.

6.3 Experimental

In the following section we have described our experimental and fabrication

methods to envelop nanostructures we have made on glass substrates, and finally,

fabrication attempts on a polymer substrate. We discuss in more detail the later process

as this has not been discussed in other publications and the process presents its own

challenges.

6.3.1 Polymeric material selection and fabrication

The primary method used in fabricating metal nanostructures in our current

work has been ion beam etching and electron beam lithography (EBL). Details of these
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two techniques and their equipment have been described in several texts [15,16] and

was summarized in a previous chapter as well. In this section we will describe the

fabrication of the nanostructures for our devices where we have tried to embed them in

a polymer, or have fabricated them on a polymer substrate.

Several different approaches were taken in fabricating metal nanostructures on

polymer. The choice of polymer has been primarily dictated by its transparency in the

visible spectrum, its relative inertness to processing solvents and stability at processing

temperatures. Based on our research and initial screening experiments we have selected

two polymeric materials of interest – (i) SU8, an epoxy based polymer, and (ii)

polyethylene terepthalate (PET). Both of these polymers have also been considered for

applications in bio-medical devices due to their relative inertness. For enveloping

nanostructures in a polymer we have also considered PMMA, in addition to SU8.

However, acetone is a solvent for PMMA, and hence we cannot use PMMA where

acetone or a similar solvent will be used in post processing cleans or soaks.

Transmissivity of these polymers in the visible spectrum is high (greater than

85%) as seen in Figure 6.1. In addition, we soaked these PET and SU8 films in acetone

over a 48 hour (these times correspond to what one could possibly use in a lift-off

process) period to look at the integrity of the films. No degradation was observed

visually after these soaks. We also performed thermogravimetric analysis (TGA) on the

polymers to see if there was any residual solvent in the sample, and those TGA curves
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are shown in Figure 6.2. The TGA curves shown are for standard SU8 membrane and

then compared to those which were soaked in acetone (after samples were rinsed and

dried). Similar behavior is also observed for PET film, but is not plotted here. None of

the samples showed any weight loss over a temperature up to 200oC. Additional weight

losses which can be seen at higher temperature are consistent in both soaked and un-

soaked samples which indicate no change in sample composition or structure.

Initial metal nanostructures were fabricated and characterized on glass

substrates, as described previously using ion beam and EBL. Subsequently the metallic

nanostructures were spin coated with PMMA and SU8 to envelop them in a polymer.

These samples were then inspected visually and subsequently imaged with TEM after

AFM indicated that we had planarized the structures.

6.3.2 Fabrication on detachable polymer layers

As described in an earlier section, we chose the epoxy SU8 as one of the flexible

polymer materials. One of the challenges in processing on a flexible polymer has

always been processing limitations in tools without an adequate mechanical frame or

platform. Typically the fabrication process in a polymer has involved mounting the

polymer on a mechanical substrate and then performing some separation by either de-

lamination or back-grinding process. In our experiments we looked at either laminating

or spin coating SU8 dry film or resist on a Si or glass wafer and processing this through

the different fabrication steps. The typical issue we faced was separation of SU8
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membrane from the substrate at the end of the process without damaging the structures.

In order to facilitate this process, our experiments led to putting an intermediate layer

which could be etched off with relative ease at the end of the process.

A schematic of the process flow used in fabrication of polymer embedded with

metallic nanostructures is shown in Figure 6.3. Glass wafers were taken, and an

aluminum sacrificial layer was deposited on the surface after a brief wet solution

cleaning. A 500 nm Al layer thickness was chosen after initial experimentation. The

wafer was then treated with a silane coupling agent (SCA) to promote adhesion of the

polymeric SU8 layer. A 20-40 µm SU8 layer was then formed on this layer and soft

baked to 125oC. The entire layer was then exposed at 350 nm wavelength, which

allows cross-linking of the SU8 structure which is a negative resist. Cross linking

allows for the structure to be more robust both chemically and mechanically. After the

desired level of cross-linking was obtained, a thin layer of indium tin oxide (20 nm) was

deposited on the SU8 surface. The indium tin oxide as described earlier was used to

facilitate patterning by e-beam.

At this stage wafers were diced into 1 square inch pieces to get our samples

ready for PMMA spin-on and e-beam patterning as described earlier. Once the

processing was completed with metal evaporation and lift-off, we enveloped the

structures in thin SU8 polymer using a spin-on technique. Depending on the thickness

of structures and the desired aspect ratios, we chose a lower molecular weight SU8 for
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embedding the nanostructures on to the glass pieces. The final step in this process was

separating these structures enveloped in the polymeric membrane from the glass

substrate. This was accomplished by dissolving the Al in a 5% solution of TMAH in

50oC bath. The samples are rinsed in de-ionized water and are at this stage ready for

use. A photograph of our thin flexible polymeric membrane separated from the handler

(glass plate) fabricated with the described method is shown in Figure 6.4. The intrinsic

stresses on such polymer films can be quite high and this separation is only

recommended prior to appropriate testing.

Finally, we also attempted to fabricate some of the structures directly on a PET

substrate. The thickness of PET substrate was 250 µm. Prior to any processing the

PET samples were annealed on a flat plate at 150oC to stabilize the structure. ITO was

sputter deposited on this substrate while keeping the pedestal at 30oC. A fixture was

fabricated to keep the sample relatively flat during spin coating of PMMA as well as

while writing with the e-beam. The samples were baked for 15 minutes under a hood at

140oC on a flat plate heater. Different e-beam patterns as optimized in previous glass

substrates were used, and a developer was used for developing PMMA. Metal

deposition was accomplished by sputtering or evaporation. The deposition temperature

in sputtering is again limited to 30oC by cooling the pedestal. The samples were then

stripped in acetone and cleaned with IPA and dried in a fume hood.
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6.4 Results and discussion

Figure 6.5 shows the SEM image of a nano-structured pattern created by ion

beam etch of a 25nm film of Au on a glass plate. The aim of this patterning was to

create L-shaped resonators inside a square box structure. Figures 6.6 and 6.7 show the

TEM cross-section of these structures once they were enveloped in SU8 polymer. We

were unable to create any FIB cross-sections of samples coated with PMMA, as the

samples have distortion from bubble formation as shown in Figure 6.8. These defects

can be due to the low Tg of PMMA (~ 95oC). It is surmised that some sort of cryogenic

cooling would be necessary to image the nanostructure embedded in PMMA. However,

using the SU8 (Tg ~ 185oC) coating we were able to coat the nanostructures without any

voids. It can be seen from the images that the SU8 polymer enveloped the

nanostructure and created a planarized structure. Further, energy dispersive

spectroscopy (EDS) mapping in Figure 6.7 also indicated the presence of C from the

SU8 polymer, Si and O from the glass substrate and Cr from the under-layer which was

used as an adhesion layer.

Furthermore, to see isolation of the discrete nanostructures EDS was used to

characterize the area in between structures. EDS showed the presence of Au in the

streets where the ion beam attempted to remove the Au completely to isolate structures.

It is possible that the Au atoms were either re-sputtered in the streets or diffused in SiO2

due to thermal effects from the ion beam.
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Similar nanostructures were also made by e-beam using lift-off techniques.

Figure 6.9 shows the TEM cross-section while Figure 6.10 shows the EDS spectral

analysis image from the same sample using the TEM. In contrast to the nanostructures

obtained by ion milling, Au was not seen in the streets in this structure indicating this to

be a preferable method for fabrication of these nanostructures. Once again EDS

mapping indicated the presence of C from SU8, Si and oxygen from glass substrate and

Ti as the adhesion under-layer. The In signal in spectra can be attributed to the

presence of ITO layer which has been used in our studies to facilitate e-beam

patterning.

Figure 6.11 shows the SEM image of nano-disc structure formed on a flexible

SU8 membrane which is 20 m thick. A 5 nm Ti layer and 40 nm Au layer were

deposited by evaporation for these structures. The structures shown here did not have

any polymer coating on top so that we could do SEM imaging. The processing on the

SU8 membrane was accomplished by a carrier piece as described earlier. However,

patterns on PET did not develop as desired and left very faint patterns instead. It is

hypothesized that we were not getting enough backscattered electrons in the PET

sample, which in e-beam plays a very critical role in exposure of PMMA resist. Larger

structures, which have a much higher exposure dose, do not have this issue. We see

these structures quite clearly and hence do not think it is an adhesion issue. The Al

back-plate in the SU8 substrate could be allowing back-scattered electrons and thus may

be able to expose the PMMA in those structures. Figure 6.12 shows some of the other
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structures which we have made successfully in SU8 membrane using e-beam

lithography and lift-off.

6.5 Conclusions and future direction

A wide range of structures were created using EBL and ion beam etch. Ion

beam etch used in conditions described have limitations in isolating structures as well as

in shapes of defined structures. Structures of various shapes and morphologies were

created with dimensions < 100 nm, with EBL. Structures were successfully embedded

in a SU8 polymer without any voids in the structures. Structural characterization by

TEM, SEM and EDS was also accomplished. These studies demonstrate the feasibility

of processing and fabricating metal nano-structures on a flexible polymer substrate

within temperature limitations of processing these materials. We further demonstrated

transfer of these patterns on a thin film SU8 layer and were able to separate these

structures from a handler or carrier substrate. The nanostructures were more difficult to

produce in a PET substrate possibly due to insufficient back-scattered electrons.

Additional methods could be explored where a temporary thin film could be applied to

the backside during expose. The stability and relative inert behavior of these polymer

materials make it attractive for further work with biosensors and chemical sensors.
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Transmission curve in visible spectrum of PET and SU8 under
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Figure 6.1. Transmission in visible spectrum of SU8 and PET in as-obtained films as
well as in soaking after 48 hours.
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Figure 6.2. TGA of SU8 before (top) and after (bottom) soaking in acetone
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Figure 6.3. Schematic of process flow to form nanostructures on a detachable polymer
membrane
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Figure 6.4. Optical image showing final detached membrane
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Figure 6.5. L-shaped resonators in rectangular boxes, fabricated by Ion beam milling
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Figure 6.6. Nanostructures enveloped in a polymer SU8 thin film
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Figure 12 a:

Figure 6.7. EDS spectral mapping of FIB patterned nanostructures
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Figure 6.8. Blistering of PMMA during attempts to characterize with FIB and TEM.
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Figure 6.9. Au nanostructures formed by EBL
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Figure 6.10. EDS elemental mapping of Au nanostructures formed by EBL.

EDS Maps



192

Figure 6.11. Au nanodisc patterns on 20 m SU8 membrane produced by e-beam
lithography and lift-off
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Figure 6.12. Au nanorods and additional patterns on SU8 membrane
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CHAPTER 7

Conclusions and Future work

7.1 Purpose

The area of nanostructured periodic metals is relatively new, but is developing at

a fast pace with the possibility of applications in a variety of areas including

communications, sensors, and expanding the limits of optical lithography. Despite a

host of publications on the performance of some of these novel structures, a perspective

from the view of a material scientist has been limited. This work had the primary goal

of approaching this from that perspective of materials and subsequent fabrication and

characterization.

In previous papers, authors [1,2] have indicated that the structure and

morphology of the thin films could play a significant role in the optical performance.

At the same time the area of theoretical modeling is extremely complex which needs

significant assumptions on unit cell structure and complex computations. Hence

fabrication in some cases has outpaced the theoretical work. However, as geometries

have been shrinking to manipulate responses in shorter wavelengths in the visible

domain, the fabrication and characterization of these structures have become more
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challenging. The purpose of this chapter is to summarize our work, and chart out some

future directions.

7.2 Summary and Conclusions

As the first major contribution, we examined the properties of metals which will

enable us to select the right materials. Here, we examined the key process of formation

of thin films viz. physical vapor deposition (PVD) and parameters in the process which

affect grain size, roughness and agglomeration. We examined the advantages and

disadvantages of the different techniques and, furthermore, looked at how these

parameters affected the formation of periodic nanostructures with different geometries.

We found that smaller grain sizes in metal thin films enabled formation of smoother and

more uniform nanostructures with metal and metal-dielectric composites. These were

most feasible when source-to-substrate spacing was increased both for evaporation and

sputtering methods.

As a second major contribution, we reported on the successful fabrication of a

variety of periodic nanostructures with different geometries and metal-dielectric stacks.

We showed limitations in the fabrication of the isolated nanostructures through ion

beam etch. We also demonstrated a possible integration path with Si. Furthermore, we

accomplished characterization of these structures to show their geometrical structure in

3D as well as their surface characteristics. While other attempts have been made in the
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past looking at a single shape, we have attempted to fabricate a variety of structures

under similar conditions to minimize the effects of process conditions, which we know

result in different film morphology. Finally, we examined different metal systems with

a different approach of subtractive etch and reported on the successful formation of

perforated, fishnet-like structures with Al and Al/SiO2/Al systems. Subtractive etch has

not been reported extensively as a fabrication technique of these nanostructures, and is

potentially a more cost-effective approach which can be extended to larger production

scales.

As a third major contribution, we extended our work on thin film metals to

optimize the nanostructures and their shapes, especially in the case of Ag. With an

optimized process of increased source-to-substrate spacing we have shown structures

formed with minimized tapering and a smoother surface texture. We have also

demonstrated some of the most aggressive structures reported so far in terms of unit

cells and air cavities, in the fishnet structure in attempts to obtain negative refraction in

the visible spectrum. Figure 7.1 shows theoretical unit cell showing critical dimensions,

followed by what we reported in this thesis compared to those reported by Dolling et al

[3,4].

The fourth major contribution of this work was the successful integration of

periodic metallic nanostructures in a polymer matrix and more importantly on a flexible

polymer substrate. We successfully fabricated these challenging periodic
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nanostructures on a SU8 polymer film which we believe is the first reported in this area

although random dispersion of Au nanoparticles in SU8 have been previously reported

by Chiamoria et al [5].

Finally, we have begun the task of optical characterization of these structures,

and preliminary studies indicate that the nanostructures that we fabricated show varying

optical response based on geometries and thickness of structures.

7.3 Future Work

One important area of future work is in characterizing the optical properties of

the various structures. One of the methods of optical characterization of nanostructures

is to look at their extinction coefficients [6,7,8]. The extinction coefficient as described

in previously is the loss due to scattering and absorption per unit length. In general our

results indicate that the wavelengths for resonance for both Ag and Au appear in ranges

reported by Zhang and Noguez [9] in their work with nanoparticles of the same

material. While we have obtained some initial data on some of the structures, there are

ongoing efforts at looking at the effects of a single layer metal, followed by a

combination of metal and dielectric and so forth with multiple layers to see effects of

optical coupling.
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Furthermore, we plan to look at some of these structures with another technique

of two photon photoluminescence (TPPL). TPPL is able to convey information on

increase in localized field strength as a result of plasmonic effects from nanostructures.

These will allow us to expand our work towards applications in the field of sensors as

discussed in Chapter 2.

Attempts should also be made to validate results by modeling. As mentioned

earlier, modeling of these bi-layer and tri-layer is complex. However, some modeling

tools may exist separately looking at dielectric behavior of the metals themselves and

comparing it to our simpler structures. This could either be through discrete dipole

approximation (DDA) [10,11] or finite difference time domain (FDTD) [12,13].

We have started some early collaborative work for further testing of these

structures in applications for metamaterial properties. This is an area which is still

under development and needs careful attention and a more detailed setup with

ellipsometry. However, structures which we have made are some of the most

challenging ones and measuring the reflection and transmission spectrum of these and

deriving the index of refraction of these structures will be one of the future goals.

Another area of interesting studies would be to monitor the negative index

behavior as we attempt to induce grain growth in these structures through some lower

temperature annealing step. One could hypothesize that some of the grain boundary
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scattering losses could diminish as larger grains envelop the entire nanostructure.

Monitoring some of these properties at low temperatures could also be of interest to

reduce phonon induced lattice vibrations.

Once optical properties are ascertained and responses characterized, further

techniques of large scale fabrication such as nano-imprint lithography should be

examined from the perspective of manufacturing scalability.
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Figure 7.1 In (a) schematic of unit cell (ax x ay as 300 x 300 nm) showing electric
(blue) and magnetic components from Dolling et al and (b) the unit cell they have been
able to fabricate. In (c) we show what we have been able to fabricate with unit cell ax =
161 nm and ay = 205 nm. Wy= 64 nm ; Wx= 123 nm and thickness, t = 30 nm; s=12.5
nm.
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APPENDIX A

E-beam Lithography and Ion Beam Patterning

A.1 Electron Beam Lithography

Electron beam lithography (EBL) is a technique similar to photo-lithography

where energetic electrons are used to expose, i.e. modify the chemical properties of a

resist which is sensitive at those electron beam energies. As described earlier, ebeam-

resist, PMMA is a polymer which is used as a mask behaving as a positive resist to the

e-beam. This section describes some of the main characteristics of an e-beam system as

well as the techniques we have used in our experimentation. Figure 1 shows a block

diagram of an ebeam system, showing the primary components [1]. The key

components are very similar to a scanning electron microscope (SEM). The basic unit

consists of an electron source, lenses to deflect the beam, a blanker for turning the beam

on or off, a stigmator for correcting astigmatism, apertures for helping define the beam,

alignment systems, and an electron detector for assisting with focusing and locating

alignment marks [1].

Historically, in SEM or ebeam systems electrons are generated either by thermal

emissions or by field emission sources. Modern systems have variation of these

including a combination of the above principles to generate electrons where the sharp
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tip of a field emission source is heated. A key parameter is the size of the source, which

would determine demagnification of the source in order to control and minimize spot

size. Another important parameter is the energy distribution of the emitted electrons. A

beam with a wide energy spread is analogous to a white light source, while a narrow

energy spectrum is similar to a monochromatic source. Although some widening of the

beam energy is inevitable, a narrow energy range is desirable for good patterning

capability. Brightness or current in the electron beam is also of importance, and while

different sources vary in terms of beam current capabilities, it is equally important to

have sources where the current does not vary significantly over time. Formation of

oxides and impurities on emission tips can alter this and hence the need for ultra high

vacuum (10-10 Torr) on systems are required.

The patterns are written in CAD programs that can be high end schematic

capture tools for VLSI or simpler versions of polygon editor. These patterns are then

converted to an intermediate format where again a variety of programs exist from

GDSII (GDSII developed by Calma division of GE, software is now owned by Cadence

Design Systems) to CIF (Caltech Intermediate Format). The software controls the beam

direction, exposure time and beam blanking. The system used for our work is a XL30

Sirion (FEI Corportation, Portland, OR). We have used a commercial SEM conversion

kit nanometer pattern generation system (NPGS) sold by Nabity Lithography systems.

This is used to provide X and Y beam deflections and to provide signals for blanking

control. In order to generate patterns a matrix of exposure dose is initially run with
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each desirable pattern. After this trial and error method, beam exposure doses are

narrowed down and desired patterns are exposed and developed using standard

developer for PMMA resist (1:3 ratio of MIBK:IPA).

A.2 Ion Beam Patterning

Ion beam patterning uses FIB (Focused Ion beam) techniques for a variety of

nanolithography and nano-patterning approaches to create nano-structures [2,3]. This is

the last processing techniques we cover here for initial efforts at rapid prototyping of

desirable patterns on metals. Ion beam patterning more broadly contains techniques

where a beam of accelerated ions or charged nuclei, modifies the properties of the

surface they interact with. This could be an interaction to make the material chemically

active, or cause deposition or removal of a species. In our work we are concerned with

the later, where we have used an ion beam to pattern a substrate by direct removal of the

material.

Ions are generated by exciting or exerting energy on electron shells of an atom

such that an electron (or more) is ejected which happens at energies above its ionization

potential. Typically applying a RF (radio-frequency) electric field can cause ionization

in a low pressure gas system. In an ion beam the positive charged atoms are separated

from the neutrals and electrons with a strong directional electrostatic field. There are

two energy regimes of ion beam patterning- (i) a low energy regime (1-100KeV) in
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which typically a singly charged positive ion of a relatively heavy atom (Ga, O, Ar,

etc.) is utilized and (ii) a high energy (1-3MeV) regime where positive ions of lighter

atoms (H, He) are utilized[4]. Material modification occurs from electrostatic

Coulombic interaction of incoming positively charged ion and the charged nuclei (and

electrons) of sample substrate atom. The nature of interaction of the impinging ions and

the substrate depends on the incoming velocity of the ion and relative velocity of

electrons in outer shell of the substrate material.

In low energy regimes the velocity of the ions are relatively slow compared to

the electron and as a result we have an interaction of the ion charge with the entire

atomic volume. The ion may lose its entire energy after a few collisions and suffers

large deflections. The penetration depth is low and typically in the 10s of nm and under

100nm. It also is the basis for sputtering the substrate and may also result in localized

lattice heating. On the other hand high energy ions have a high velocity compared to

the electron motion and in essence see the electrons as stationary objects and thus their

interaction is primarily with the nuclei of the substrate atom, resulting in loses very little

energy loss from electronic interaction. Depth is much higher (in the range of ums) and

a variety of other phenomena, including lattice damage can occur. Sputter yield of a

material varies by material properties, in addition to incoming ion and directionality,

and can be complex. Increased atomic mass and increased melting points of substrate

could decrease sputter yield and is shown in Figure 2 [2].

In our work we have used low energy regime ions with Ga as our ion beam

source. The single issue which makes it difficult to make isolated metal structures in
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glass or Si, seems to arise from re-sputtering and possible thermal effects from FIB

milling. One of the other projects we undertook to utilize our nanostructures was to

fabricate nano-well structures in an inner electrode. The entire structure was isolated

with laser ablation and inner and outer electrode was separated by Ion beam as well.

Au thin film metal was Ion beam milled successfully to create nano-wells and increase

surface area of electrode on Au based sensors as shown in figure 3. However, isolating

the two electrodes with an ion beam was not successful even with multiple iterations of

FIB, indicated by a low resistance between counter electrodes. A similar effect is seen

in attempting to isolate metal structures in glass and TEM / EDS studies indicate

possibility of re-sputtered Au and possibly diffused species into SiO2. Based on these

studies FIB could be used for creating nanostructures but isolation of these structures

would need some additional integration schemes. It is feasible that this project would

be successful if inner and outer electrode were separated out by some other lithography

means and then have the inner electrode patterned independently with FIB while

protecting the open area separating inner and outer electrode.
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Figure A.1. Schematic of an e-beam system.

Figure A.2. Ion beam sputter yield and dependence on melting point and atomic

number of elements [2].

Figure A.3. Au electrode structure patterned with ion beam. Center electrode has
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Figure A.1. Schematic of an e-beam system [1].
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Figure A.2: Ion beam sputter yield and dependence on melting point and atomic
number of elements [2].



223

Figure A.3: Au electrode structure patterned with ion beam. Center electrode has nano-
patterns to increase surface area and create nano-wells. Inner and outer electrode
separation by Ion beam etch was unsuccessful.
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APPENDIX B

Polymer Selection and Processing

B.1 Polymer Selection

A brief discussion on polymer selection and criteria for both resist and substrate

material is presented here. For e-beam lithography polymethyl methacrylate,

PMMA[1], a positive resist has been studied since the 1960s. Despite availability of

many other resist materials, PMMA is one of the most widely used resists in e-beam

patterning. It provides high resolution, but has relatively low resistance to dry etch and

thus poor selectivity. Hence it has typical applicability for the liftoff process as

discussed later. Subtractive dry-etch (where we deposit a layer and then etch it after

patterning) has also been explored as a possibility. Other than using metal hard-masks,

ZEP-520 (Developed by Nippon Zeon Corp. Japan) has been discussed as a possible

masking resist. In addition to being of high resolution ZEP has fairly good resistance to

etch. In our work we also looked at ZEP as a possible material for patterning and using

it as an etch mask. The monomer structure for PMMA and ZEP520 [2] is shown in

Figure B.1.

For application of polymer to be the matrix layer for the metallic nano-

structures, it has to posses certain other properties. Other than satisfying the criteria of
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being optically transparent, the key aspect of polymer has to be its ability to maintain

stability over the processing temperatures and chemical processes which we have

chosen. One of the polymers which has been considered as a possible material in

MEMS is SU8 which is an epoxy based polymer with 8 epoxy groups leading to its

name. It is to be noted that SU8 is exposed in the UV spectrum and is a thermoset

polymer whose properties undergo considerable change as it cross-links due to exposure

or thermal treatments. SU8 has a fairly high Tg (~200C) and is chemically stable in

acetone and some of the other developers after UV expose. Other polymers of interest

as a substrate materials are Poly-ethylene terepthalate (PET), and Polyethylene

napthalate (PEN). In order to envelop metallic nano-structures in a polymer, one could

also consider spinning on PMMA or a lower molecular weight SU8 to planarize and

envelop embedded structures.

B.2 Resist and Polymer and lift-off Processing fundamentals

In photo-lithography light is used to modify a photo-sensitive compound (photo-

resist), such that it can be patterned and be used as mask for etching or deposition.

There are two kinds of resists – positive and negative. Positive resists are defined as

those which on exposure to the energies (electrons or photons) undergo a modification

(scission in some long chain polymers), such that they become soluble in a developer

(solvent). Negative resists are defined where the opposite occurs (cross-linking is
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enhanced with exposure), i.e. the unexposed regions are soluble in developer. The

amount of energy needed to change the chemical nature of the resist (sufficient for it to

be developed) is defined as the exposure dose. The exposure dose is a critical

parameter in nano-lithography and is expressed in terms of Coulombs/cm2 (C/cm2) or

(uC/cm2).

One of the key issues for nano-structure patterning is the aspect ratio of

structures developed in a photo-resist. Resolution of structures typically decreases with

increased resist thickness. Hence, one does not want resist to be significantly thicker

that what is needed for processing steps, beyond its selectivity and process margin

needs. There are two spin on e-beam resists we have looked at - PMMA and ZEP520

discussed earlier, are both positive resists. The resist is a solution of the above

polymers in a volatile solvent and is denoted by percentage solids in solution. In

addition the resist may vary by molecular weight of the long chain polymer in solution.

Negative resists such as UVN30 is not ideally suited for lift-off processes as the profile

post develop is usually tapered which leaves an undesirable metal stringer and residues.

For our samples, which are typically ITO on glass, a few ml. of resist is

dispensed on the center and then the spin coater is spun, at a rate we determined from

experimentation. The solvent is lost both through evaporation and mechanically being

removed from the sample, due to centripetal forces. The final thickness d (pre-bake) is

given by the expression
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 2s
d  (1)

where κ is a constant related to viscosity, s the solid content in the film and ω is the

angular velocity of the spin coater.

As mentioned earlier, there are two broad process integration approaches which

are used in fabricating structures which have been lithographically patterned- (i) lift-off

process and (ii) subtractive etch. In fabricating of nano-structures lift-off process is

more common, especially working with noble metals which do not have good dry etch

chemistries. In the lift-off process, as shown schematically in Figure B.2 we spin on

PMMA resist, pattern with e-beam, and develop out to leave patterns behind. Metal is

evaporated (or sputtered), and forms in the open areas. Areas which are covered with

resist also get metal but it should be isolated from metal in open areas. Finally, the

substrate is put in acetone or a stripper, which will remove remainder resist and lift-off

the metal along with it. In order to have discontinuous metal, it is important to have

minimal metal on the sidewall (vertical or re-entrant resist profile), and the resist to be

of adequate height. For metal or metal-dielectric stacks, heights which we plan to make

we have minimum thickness of 30 nm and a maximum of 120 nm. Based on

experimentation and typical calculations in lift-off process, the resist thickness needs to

be at least 30-50% thicker than metal. We target our resist thickness to be about

180nm. To obtain this we use a PMMA 495 (Supplier- Microchem Corp. 4% PMMA

in anisol) and with spin speed of 4200 rpm, in an open hood.
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Another technique was also tried where we used dual layer resist, where a lower

molecular weight PMMA was used as a bottom layer and a top layer applied with a

higher molecular weight PMMA. The hypothesis for this process is that the lower

molecular weight PMMA would have a higher degree undercut during exposure and

develop steps, and allow an undercut to be formed allowing for better lift-off. This is

shown schematically in Figure B.3. In this scheme we apply PMMA (MW=50) as our

first spin on layer at spin coat speeds of 1100-1200rpm to obtain a 60-70nm final

thickness. It is somewhat difficult to ascertain exact thickness of the low molecular

weight resists at low dimensions. The resist is baked at 1700 C, before a second layer of

higher molecular weight resist is applied as discussed previously.

For subtractive etch processes a common approach has been to deposit a hard-

mask (typically chrome) with liftoff technique as described. The chrome is then used as

the hard-mask, for etching the metals. The problems with this technique is again in the

dry etch limitations of certain noble metals and relying on a physical sputtering

component to remove material. Alternatively to chrome and the lift-off process,

ZEP520 has been found to have fairly decent resistance to dry etch conditions and can

be used directly to pattern and etch the under-lying metal.

SU8 as described earlier is an epoxy based negative resist which is sensitive to

UV, but fairly insensitive to e-beam and a monomer structure is shown in Figure B.4

[3]. SU8 is used in MEMS (micro-electro-mechanical systems) and a fairly stable
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polymer after it undergoes cross-linking either thermally or with UV expose. This can

be formed either as a thin film with spin on techniques or laminated as a dry film. In

our application we have formed 20 um and 40 um SU8 film over glass substrates and

baked them between 150-170C. We have also used a lower molecular weight SU8

(SU8 2000) to spin on this on the top of our final structure to embed our nanostructures

in the polymer matrix. Typical spin speeds are 2000-3000 rpm and a final bake is

performed between 150 and 1700 C. In any of these bakes care is taken to not bake at

successive higher temperatures (i.e. bake temperature of prior layers are never lower

than subsequent layers).

Another polymer substrate of interest is PET. Although PET has a lower Tg

(800 C), but it has a higher melting point, and it may be suitable for some higher

temperature processing as long as we do not introduce crystallization in the structure

that will make it opaque. In order to facilitate processing PET was annealed at 150C

prior to processing and Figure B.5 shows the transmission spectrum before and after

anneal of the PET sample as well as PET with ITO deposited on it for facilitating

subsequent patterning. It is observed that ITO on PET does reduce some amount of

transmission and if this loss is of concern deposition parameters will need to be

modified or a different patterning technique may be necessary. Figure B.5 also

illustrates that ITO on SU8 also produces reflection at the interface and is believed to

form a partial etalon [4], producing a series of fringes in the transmission pattern.
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Figure B.1. PMMA and ZEP monomer structure [2].
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Figure B.2. Schematic of the lift-off process to deposit metal stack used in creating
nano-patterns.
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Figure B.3. Schematic of the use of dual molecular weight PMMA to create profile
more amenable to lift-off.
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Figure B.4. Structure of SU8.
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Figure B.5. Transmission spectra in visible spectrum of PET and SU8 with ITO after
different treatments.
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APPENDIX C

Physical Vapor Deposition Systems

C.1 Introduction

The primary PVD process consists either of sputtering or by evaporation. Most

of the PVD process, involves high vacuum systems, which allow the transport of vapor

species from a target material to a substrate. The removal of target material can be

accomplished by evaporation, sublimation or ion bombardment (sputtering) [1]. PVD

allows a relative simplicity in the deposition thin films ranging from a simple single

element film to a complex alloy with multiple components. It also allows for deposition

of conductors (DC sputtering) to insulators and dielectrics (RF-sputtering) or

evaporation of a single source or co-evaporation form several sources.

C.2 Sputtering

Historically evaporation played a more dominant role but has been replaced by

sputtering in the IC industry. This is due to the fact that sputtering and its

enhancements, with magnetron enhanced sputtering and bias sputtering, have enhanced

capabilities in covering structures with high aspect ratios, both in terms of bottom
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coverage and sidewall coverage [2,3,4,5]. Other key advantages include increased size

of target which allows deposition on larger wafer sizes with more uniformity and

control. Techniques which have been used to control film properties including

temperature of substrate, deposition power, partial pressure, etc. have controlled, grain

size, step coverage, and grain orientation. A typical sputtering plasma vapor deposition

setup is shown in Figure C.1 [1]. Sputtering involves removal of atoms from a target

surface by the kinetic impact of an incident energetic particle. Above a certain energy

threshold, the atoms on the target atom will get free of the binding energy and will be

emitted from the surface and is re-deposited either on the substrate, or the vacuum

chamber or in certain cases back on the target. The sputtering process, i.e. the direction

of the sputtered atoms follow a cosine function as the first order approximation [1,6],

although there may be variations to this.

Sputtering of most metals is accomplished in a DC sputtering system which in

its simplest form consists of a cathode, which is the target and the anode (where

substrate is mounted). The entire setup is housed in a high vacuum chamber, which is

pumped down to pressures below 1E-7 Torr. Low levels of vacuum and multiple

methods are used to purge the chamber of moisture and oxygen which can otherwise

cause detrimental film properties. A plasma is generated by applying a voltage in an

inert ambient (typically Ar gas), such that the impinging ion does not react with the

target. In order to sustain the plasma a source of electrons is needed, and in most DC

sputtering systems the source of the electrons are secondary electron emissions from the
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target. For normal DC systems the emission of secondary electrons is as a result of ion

bombardment and the average electron yield per ion is low. Positive ions are

accelerated towards the target (cathode) and strike the surface to produce a series of

phenomenon, from inducing surface damage, to heating the material (at low energy but

above binding energy). At very high energies above 10 keV, impinging particles can

get embedded [6]. However, for intermediate energies we see atoms form surface

dislodged and ejected into the gas. Since these are fairly elastic collisions, the energy of

the sputtered atom will depend heavily on the energetics of the impinging ion. Hence

grain size in the sputtered film will increase as the voltage / power is increased in

sputtering. It is to be noted that there are processes where, and inert gas is not used and

a reaction is desired, and in those cases the ambient or the ionization gas can be a

reactive one and the process is aptly described as reactive sputtering. Typical films

generated in reactive sputtering are nitrides and oxide of metal and silicon, but the latter

is not accomplished by a DC sputtering and RF systems have to be used.

Another important concept in sputtering and control of grain morphology is the

sputter yield, which can be defined as the number of atoms ejected per incident ion.

Other than the energy of the ions as described earlier, and the directionality aspects, the

sputter yield depends on the material properties and mass of impinging ion. The

minimum energy or threshold for sputtering is approximately equal to the heat of

sublimation. Once target atoms are ejected they have fairly high velocities (3-6x 105

cm/s) and energies of 10-40eV [6]. The ambient pressure determines their mean free
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path and they may suffer more collisions if pressure is higher. In addition to pressure if

a substrate is located further from the source, the atoms will lose more energy as a result

of these collisions. As a result they arrive on the substrate with less energy and in some

cases lose enough energy to be transported as neutrals via diffusion. Hence it is evident

that ambient pressure can also be a factor in grain size and morphology as well. The

aspect of source to substrate spacing plays a significant role in lift-off processes

(discussed in a later section) as well. In this process we rely on good coverage at the

bottom of high aspect ratio structures, but preferably have no material on the sidewalls

or in the minimum have a discontinuous layer such that a solvent can access the resist

and remove it in subsequent steps. In addition to collimation [2,4], and ionized

processes described earlier, a higher source to substrate spacing, allows for better

bottom coverage by eliminating or reducing non orthogonal trajectories.

As mentioned earlier if plasma vapor deposition is used for a dielectric, an RF

sputtering system would be needed. In our work we use this system for an insulator

layer in some of our structures and hence we have a few words to describe this process.

If an electrode is covered with an insulating layer, a glow discharge cannot be sustained

due to charge buildup and loss of potential difference between anode and cathode. In

order to overcome this issue, an AC signal is used instead of a DC system, with the

frequency of the signal in the RF regime and hence known as RF sputtering. RF

sputtering has detailed descriptions in several texts and papers [1,2,6] and is a complex
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field which has applications both in etching and deposition, but is not relevant beyond

the basics for our work.

Finally, a last word to describe our sputtering technology and equipment used is

the use of magnetron sputtering. Most commercial systems and systems in R & D use

magnetron based systems to increase deposition rates. To describe this simply, a

magnetic field is used to confine electrons near the target surface, which in turn causes a

greater number of ionizing collisions with the Ar atoms. The increased ionization, i.e.

number of ions thus increases the bombardment on the target and emission of target

atoms.

For our sputtering needs we have used a Nordiko deposition tool which has a

quad deposition configuration. The samples sit on a pedestal and we can get multiple

metal or dielectric films deposited without a break in vacuum. For any oxide deposition

we have used oxide targets avoiding the introduction of oxygen during deposition to

minimize metallic oxidation.

C.3 Evaporation:

The other thin film PVD technique is evaporation, which as discussed

previously, has limited application in IC industry, but very important for our processing.

The basic process is applying heat to a material in a high vacuum system, whereby
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atoms or molecules vaporize and deposit on other surfaces. Since no other gases are

needed, a high vacuum is maintained and vaporized atoms do not suffer much collision.

The rate of mass evaporated from the source in unit time and area, is estimated from the

Langmuir-Knudsen relation [6]

R = 5.83 x 10-2 (M/T)1/2 pe (6)

where, R is mass lost, M is the gram molecular weight of the metal, T is the temperature

in degree Kelvin, and pe is the vapor pressure in Torr. An alternate expression [1] is

provided by the Hertz-Knudsen relationship whence, the rate of atoms (W) passing into

vacuum from a heated source is given by

W = 3.5 x 1022 pe (MT)1/2 α, (7)

where, α is an evaporation coefficient, depending on how clean the substrate is (e.g. it is

low for a contaminated surface). Materials which evaporate as molecules also have a

lower evaporation coefficient.

One of the key properties or characteristics of evaporation is that atoms /

molecules in this process are deposited in line-of-sight due to it undergoing an almost

collision-less processing as discussed earlier. Now this may prove to be an advantage

or a disadvantage depending on the need. The other advantage with evaporation is that,

this allows material being evaporated and the substrate to be at relatively large

distances. This allows the substrate to be cooler and again conducive to processing if a

polymeric material is present on substrate. The source of heating for evaporation could

be a variety of sources- resistive heating, radiation heating from surrounding coil, rf
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induction heating, laser beam and finally e-beam sources. E-beam evaporation is one of

the more common and useful evaporation techniques and we have used this in our

experimentation for metal and dielectric deposition. Figure C.2 shows a schematic of e-

beam evaporated deposition . Here an electron beam with energies in 3-10KJ range

rasters a surface of metal (or dielectric) and produces a localized melt. The sources

outside the immediate melt area remain at fairly lower temperature and melt is

contained in a small region. This can lead to issues with non-uniformity for large

substrates, as a result of non-uniform flux, but a variety of techniques including rotation

and a planetary target is used for compensating these issues.



245

List of Figures

Figure C.1. Schematic of DC sputtering.
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Figure C.1. Schematic of DC sputtering system [1].
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Figure C.2. Schematic of e-beam evaporation system.
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