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Wide Tunability of Magnetron Sputtered Titanium Nitride

and Titanium Oxynitride for Plasmonic Applications

ABSTRACT

Transition metal nitrides have recently garnered much interest as alternative materials for robust
plasmonic device architecture including potential applications in solar absorbers, photothermal med-
ical therapy, and heat-assisted magnetic recording. Titanium nitride (TiN) is one such potential candi-
date. One advantage of the transition metal nitrides is that their optical properties are tunable accord-
ing to the deposition conditions. The controlled achievement of tunability, however, is also a chal-
lenge. Although the formation of TiN has been the subject of numerous previous studies, a thorough
analysis of the deposition parameters necessary to form metallic TiN films optimized for plasmonic
applications had not been demonstrated. Similarly, such TiN films had not been subjected to detailed
optical measurements which could be used in FDTD device simulations to optimize plasmonic device
designs.

To be able to design, simulate and build robust and optimal device structures, in this work a sys-
tematic and thorough examination of the effect of varied substrates, temperatures, and reactive gas
compositions on magnetron sputtered TiN was conducted. In addition, the effects of application of
an additional substrate bias were studied. The resulting optical properties at visible to near-infrared
frequencies were the focus of this thesis. The optical properties of each film were measured via spec-
troscopic ellipsometry with more “metallic” films demonstrating a larger negative value of the real part
of the permittivity. These optical measurements were correlated with both the films’ deposition con-

ditions and microstructural measurements including x-ray photoelectron spectroscopy (XPS), x-ray
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diffraction (XRD), and transmission electron microscopy (TEM) measurements; the different depo-
sition conditions resulted in TiN and TiOxNy films with widely tunable optical responses. By sput-
tering under different conditions, the value of the real part of the permittivity was tuned from small
positive values, through small and moderate negative values, and finally all of the way to large negative
values which are comparable to those measured in gold.

It was determined that both the chemical composition as well as the film crystallinity had a signif-
icant effect on the resulting properties with the most metallic films in general exhibiting a Ti:N ratio
close to 1:1, low oxygen incorporation, more N bound as TiN rather than in oxynitride form, and
better crystallinity. Increased substrate temperature in general increased the metallic character while
application of a substrate bias reduced crystalline order, however also reduced oxygen incorporation
and allowed for deposition of metallic TiN at room temperature. The close lattice match of TiN and
MgO allowed for heteroepitaxial growth on this substrate under carefully controlled conditions.

Finally, to demonstrate the viability of the optimized TiN thin films for plasmonic applications,
three benchmark plasmonic structures were simulated using the measured, optimized optical proper-
ties including a plasmonic grating coupler, infrared nanoantennas, and a nanopyramidal array. The
devices were successfully fabricated and preliminary measurements show promise for plasmonic ap-

plications for example in solar conversion and photothermal medical therapy.
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Introduction

Careful design and structuring of metals on the nanoscale allows scientists to create and observe new
optical behavior that is not observable using traditional large-scale optics. To observe these behaviors,
we carefully sculpt tiny patterns into thin metal films. The starting films are typically on the order
of tens to hundreds of nanometers thick. As a frame of reference, a typical human hair is about so
microns, or 50,000 nm, in diameter. Therefore, these films are 1,000 times smaller than a strand of
hair to start with, and then we pattern them laterally to create even smaller nanostructures.

The resulting extraordinary optical behavior is due to a phenomenon called plasmonics in which
electromagnetic energy, typically in the form of visible or infrared light, is coupled into a wave of
electrons at a metallic interface. New geometries taking advantage of this effect promise novel optical

responses including perfect absorption [1, 2] and negative refraction [3, 4]. Potential applications of



these nanoscale metallic plasmonic structures include: compact optical components [s, 6], increased
efficiency photovoltaics and thermophotovoltaics [s, 7, 8], improved memory technologies [s, 8, 9],
photothermal biomedical therapies [5, 10-12], potential advances in information processing [13-15],
and improved sensor technologies|[16, 17].

Plasmonics is a relatively new field that is just beginning to come into its prime. Right now, most
devices that we use daily are electronic devices. More and more common however, are photonic de-
vices which use packets of light called photons instead of electrons to transmit information. Since
photons travel much faster than electrons, photonic devices are much faster than electronic devices.
They also can have a higher bandwidth because multiple wavelengths can be used to simultaneously
transmit information over the same spatial extent. In addition, a significant amount of energy is lost
in electronic devices due to resistive heating. As electrons flow through wires they dissipate heat, lead-
ing to an energy loss. Photons do not have the same magnitude of losses, leading to an additional
potential increase in energy efficiency.

Plasmonic devices are a sort of blend of electronic and photonic devices. They couple visible or
infrared wavelengths of light (photons) into waves of oscillating electrons at metallic interfaces. No-
ble metals, usually silver and gold, have been used to design conventional plasmonic devices because
they have lower optical losses than other metals. Both materials, however, have challenges which may
be easier to overcome by exploring alternate materials. Silver and gold are ductile metals and can be
difficult to fabricate into robust plasmonic device structures since they often bend, peel, and can be
scratched off. They also have relatively low melting temperatures, near 1000°C, which can easily be
exceeded locally since plasmonic devices confine energy into tiny volumes, causing a degradation of
plasmonic performance and device stability.

My thesis work has included studying a new class of alternative plasmonic materials called conduct-
ing oxides and nitrides, with a focus on titanium nitride (TiN). Conducting oxides and nitrides have

only recently been identified as potential replacements for the conventional silver and gold metal-



lic components currently in many plasmonic device designs [9]. Titanium nitride is a particularly
promising candidate. As a refractory metal it is hard and durable, with a melting point of almost
3000°C and is often used as a coating for drill bits. It is also bio-compatible and chemically stable so
given its durability could conceivably be used as a plasmonic bio-sensor without significant degrada-
tion expected even in harsh body environments, for example high acidity [8]. An additional potential
advantage of TiN over silver and gold is the tunability of its optical properties, yet this is also a chal-
lenging materials problem which has not yet been fully explored in the literature. The focus of this
research was to better understand the tunability of these optical properties and optimize them for
plasmonic applications.

In Chapter 1 of this dissertation, I will provide background information on the fundamentals of
plasmonics, the need for alternative plasmonic materials and will introduce the material of my fo-
cus, titanium nitride (TiN). Chapter 2 discusses the deposition of thin films of titanium nitride via
a method known as magnetron sputtering. Chapters 3 and 4 describe the optical properties of the
sputtered films, focusing on the methods used to model the thin film properties and the dependence
of the film properties on the sputtering deposition conditions, respectively. Next, Chapters s and 6
describe structural studies used to better understand the optical behavior of these films including:
x-ray photoelectron spectroscopy (XPS), scanning transmission electron microscopy (STEM), and x-
ray diffraction (XRD) measurements. Finally, several benchmark structures which were fabricated to
confirm the high quality of the optimized TiN for plasmonic applications and the preliminary results

are shown in Chapter 7 followed by conclusions and a discussion of potential future work.



Background

PLASMONICS, as mentioned in the introduction, involves the coupling of incoming light waves into
waves of free electrons in a metallic material. A brief background including the theory out of which
this phenomenon arises will be included in this section followed by the a discussion of the ideal prop-
erties of a plasmonic material. Finally, this chapter will conclude with some further background in-
formation on the properties of TiN, the alternative plasmonic material focused on throughout this

work.



1.1 FUNDAMENTALS OF PLASMONICS

The basic theory of plasmonics will be briefly described here. For a more in depth treatment, the
textbook “Plasmonics: Fundamentals and Applications” by Stefan Maier provides a thorough and
comprehensive review of the field and is highly recommended for any student new to plasmonics or
as a reference book for those more familiar with the field [18]. Plasmons are defined as the collective
oscillations of electrons and therefore, generally occur only in metals or semiconductors which have
large numbers of free electrons (10™® — 10%/cm?). There are two main types of plasmons: bulk (or

volume) plasmons and surface plasmons [19].

.1 BULK PLASMONS

According to the Drude model, metallic materials consist of a core of positive ions which are fixed in
location and a sea of negative free electrons which in general move randomly throughout the material.
A depiction of this model is shown in Figure 3.12(a) with the small black dots representing electrons.

As shown in (b), if an external electric field pointing down were applied to a bulk piece of metal, the
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Figure 1.1: (a) Graphic illustration of Drude metal with positive ion cores and a sea of negative free electrons
(small black dots), (b) Bulk metal with applied static electric field showing collective shift of free electron
cloud (blue) away from positive cores. Adapted from [18].

electrons would move in the direction opposite to the field leading to a net negative charge at the top of



the sample and leaving a net positive charge near the bottom of the sample due to the positive ion cores.
If the field were removed, the charge difference would cause the electrons to accelerate back towards
the cores. Bulk plasmons can be visualized as this sea of free electrons oscillating back and forth in
unison. The frequency at which these oscillations occur is called the unscreened plasma frequency,
@py- According to the Drude free electron model [20, 21], this plasma frequency depends only on the
number density of electrons, n, the electron charge, e = 1.6 x 107 C, the vacuum permittivity, ¢, =

8.85 x10 ™ F/m, and m™*, the electron effective mass.
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This plasma frequency has a significant impact on the optical properties of materials, perhaps al-
ready suggesting why nanostructuring of metallic materials leads to novel optical behavior. In terms of
macroscopic behavior, the plasma frequency defines the cutoff point at which for frequencies which
are larger than than the plasma frequency, or @ >> wj,, metals become transparent (and also explains
why they are so shiny, reflecting a majority of light at slower frequencies). At these higher frequencies,
the electrons cannot react quickly enough to the changing field and thus, the energy is transmitted
through the material [22]. Since energy can be written in terms of frequency, plasma frequencies are
also often referred to as occurring at a specific stated energy rather than frequency. Converting be-

tween the two is easy, requiring only a multiplication by Planck’s constant, /i = .05 x 10 m’kg/s.

EP - h&)pu

For typical metals, @y, is usually in the ultraviolet, therefore within the visible range (shorter fre-
quencies) most metals appear reflective or shiny [19, 21]. Metals which have specific coloration often
exhibita particular hue due to interband transitions which cause absorption of particular wavelengths

of light. The most common example is gold which appears yellow-ish in color due to interband ab-



sorption near 2.3eV [23], though the same is true for TiN which looks similar in appearance to gold.
Silver which does not have a well-defined color, does not have significant absorption bands within the

visible regime [24].

I.I.2  SURFACE PLASMONS

The second type of plasmons are surface plasmons which exist at the surface of a material rather than
within the bulk, often at the interface between a metallic and dielectric (or non-metallic) material.
They are two commonly studied types of surface plasmons: localized surface plasmons and surface
plasmon polaritons. Localized surface plasmons (LSP) are excited in metallic nanostructures which
have dimensions smaller than the wavelength of the incident radiation used to excite them. The reso-
nances (often called LSPRs) are strongly dependent upon the nanostructure geometry (e.g. diameter
for spherical nanoparticles, or length for nanoantennas) [19] as well as the medium surrounding the
nanostructure and they are thus commonly used for sensing applications.

A diagram depicting how LSPs are excited at the surface of a metallic nanoparticle is shown in

Figure 1.2. The nanoparticle in the figure is excited with an oscillating electric field (such as visible

electric
field

Figure 1.2: Schematic depicting localized surface plasmons. Adapted from Willets and Van Duyne [16]

light). When the electric field points up, the cloud of electrons on the surface of the nanoparticle

is repelled in the opposite direction of the field. As the field passes in time, it will then reverse and



point down, causing the electrons to oscillate to the other side of the particle. This oscillation causes a
resonance at a particular frequency, dependent upon the incident radiation and the particle geometry.

The second type of surface plasmon is the propagating surface plasmon wave, also often referred
to as a surface plasmon polariton (SPP) due to the strong coupling of incident light with an electron
plasmon wave. SPPs are confined to the interface between a metal and a dielectric with the direction of
propagation, or the surface plasmon wavevector, kgp, parallel to the interface. A schematic depicting
incoming light coupling to an SPP mode between a metal film with permittivity, ¢,, (shown here as
TiN), and a dielectric substrate with permittivity, ¢4, is shown in Figure 1.3. In this example, the SPP
propagation is in the x-direction. The white lines depict the propagation of the electron density wave
along the interface with the negative charges highlighting the locations of dense electron density and
the positive charges depicting the electron-deficient regions. The effective wavelength of the surface
wave, Agpp as labeled in the diagram is shorter than the wavelength of the incoming photon (photon

not to scale).

Aspp

Figure 1.3: Incident energy can be confined and propagate along the interface between a metal and dielectric.
These electron density waves have effective wavelengths which are shorter than the wavelength of the incident
radiation and are called propagating surface plasmons.

SPPs are evanescently confined to the interface meaning that the electric fields are strongest at the

interface and decay exponentially a perpendicular distance, z, from the interface. This exponential



decay happens faster in the metal than in the dielectric as depicted in the schematic. How far an SPP
can travel along an interface, also known as the propagation length depends on how confined the
mode is to the interface. SPPs which are less confined have smaller frequencies (longer wavelengths)
and longer propagation lengths and SPPs which are more confined have more intense fields and larger

frequencies (up to the surface plasmon frequency ws, = wpy/+/2).

w=ck

0.8 Wgp =mT;

Frequency
w/wp

0.5 1 15 2 2.5 3

Wave vector, k

Figure 1.4: Blue line shows the light line with a linear relationship between wavevector and frequency. Red
line shows surface plasmon dispersion curve according in Equation (1.2). Black dashed line denotes maximum
surface plasmon frequency where the curve plateaus. Adapted from [25]

The trade-off between confinement and propagation length can be more easily seen by examining
the sample SPP dispersion curve shown in Figure 1.4 which looks at the relationship between the SPP

wavevector and frequency. The shape of the curve is governed by the SPP dispersion relation:

eméd
ksp = k ” 1.2
SP — (12)

While LSPs can be directly excited optically, SPPs a large wavevector which lies to the right of the

light line in the dispersion curve (outside of the dielectric light cone) and therefore require special



techniques to excite the surface plasmons (by adding extra Ak). Two of the most commonly used
methods are prism and grating coupling [18]. Grating coupling is used to excite surface plasmons on

our sputtered TiN films and will be discussed further in Chapter 7.

1.2 PLASMONIC MATERIALS

The plasmonic effect depends on the collective oscillation of large numbers electrons, so it is clear
that to be “good” for plasmonics, a material must have a large number of free electrons, or a high
carrier concentration, but this requirement leads to several additional questions: How many electrons
is enough electrons? Can there be too many electrons? Are there other needs which are also important

in choosing a “good” plasmonic material?

1.2.1 MATERIAL OrTicAL CONSTANTS

The main technique used throughout this work to characterize the optical behavior of materials is
spectroscopic ellipsometry (SE), which measures the optical response of a material as a function of
wavelength. This technique and results will be discussed in detail in Chapters 3 and 4. But first, here
we state explicitly what we mean by optical behavior of a material.

The most commonly used terms when speaking about how light interacts with a material are the

refractive index, n, and the absorption coefficient, k where the complex refractive index, 7:

n=n-+ik

For plasmonics, it can be helpful to write the optical constants in a different but equivalent form,
called the permittivity, ¢. This term appeared in the previous section in the Drude free electron model

as well as in the SPP dispersion equation. It is defined in terms of the refractive index as:

I0
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where,

g(N) = ¢ + ¢,

In the SPP dispersion equation, the permittivity was defined as ¢,, for the metallic material and ¢4
for the dielectric material, but how can we tell if a material is metallic or dielectric based on its opti-
cal properties? An example is plotted in Figure 1.5 which compares the known optical constants of a
common metal, gold, with those of a well-known dielectric material, SiO,, which glass is made of. The
real part of the permittivity, ¢, remains positive and relatively small, signifying that the applied elec-
tromagnetic field (or light) does not have much effect on electrons within the material. The imaginary
part of the permittivity is close to zero signifying that the optical losses are also close to zero or that
the material is transparent at that particular wavelength. Examining the properties of the metal, on
the other hand, gives quite different behavior. The real part of the permittivity, ¢,, starts out positive
but varies significantly with wavelength showing the frequency dependence of the optical response.
As the negative magnitude increases, this means more electrons can be polarized by the applied elec-
tromagnetic field. The imaginary part of the permittivity, ¢,, in the case of the metal has a much larger

value, signifying absorption or optical losses.

1.2.2 PLASMONIC MATERIAL PROPERTY NEEDS

It is known that a plasmonic material requires a large carrier concentration to support the free elec-
tron oscillations. As we have seen, metals which have large numbers of free electrons can generally be

modeled by the Drude free electron model at visible wavelengths [18, 26].
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Figure 1.5: Metals typically have ¢; which very quickly become negative simultaneous with increasing losses
(correlated with larger ¢,). Dielectrics such as SiO, more generally have ¢, values which are positive and small
magnitude and little to no losses.

ne*
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As the number of carriers, n, increases therefore, the plasma frequency tends to shift to larger en-
ergies (shorter wavelengths). If we plot the expected plasma wavelength as a function of the carrier
concentration using Equation (1.3), we see as shown in Figure 1.6 that to reach plasma wavelengths
within the visible and near-IR range, according to the Drude model, the free carrier concentrations
must be quite large (> 10°cm™?) and ideally closer to (> 10* — 10**cm™3).

Therefore, the first requirement is that the material have a large carrier concentration and the sec-
ond is that the concentration is large (or small) enough that the plasma wavelength falls within the
wavelength regime of interest. Carrier concentrations this large (up to 10*?cm™?) are common in met-
als, but are there other materials which also can have carrier concentrations within this range? Can a

material have too many electrons? The short answers are yes, there are a wide range of potential mate-
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Figure 1.6: Plasma wavelength approximated via Drude free electron model for different carrier concentra-
tions. Electron effective masses calculated for m* = o.1and m* = 1 to show the range.

rials to choose from, and yes, in particular applications there can be such a thing as too many electrons.
This will be discussed further in the next section. A very high carrier concentration can also lead to
increased optical losses within the material which can be detrimental to the plasmonic effects.

In terms of the permittivity which was just discussed, a high carrier concentration translates to a
large negative real part of the permittivity, ¢, and low optical losses translate to a small value of the
imaginary part of the permittivity, ¢,. Several figures of merit (FOM) have been defined depending
on the plasmonic application [23, 27-29]. Even though I just mentioned that it is indeed possible
for a material to have too many carriers, the most basic FOM which compares the magnitude of the
real part of the permittivity, ¢;, to the magnitude of the imaginary part of the permittivity, ¢, has been
focused on in this case for simplicity, making the overall goal to maximize the metallic character (or
negative ¢;) of the TiN films while also minimizing the losses (¢,). As will be seen shortly, the optical

properties of sputtered TiN can vary widely and this is thus a great starting point.
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1.2.3 ALTERNATIVE PLASMONIC MATERIALS

The requirements for a ‘good’ plasmonic material discussed above include: a high carrier concentra-
tion and low optical losses. As shown in Figure 1.5, gold seems to satisfy these conditions quite well.
One might ask therefore, why do we need to explore alternative plasmonic materials if traditionally
used materials such as gold and silver already satisfy these requirements?

For one, I mentioned a caveat earlier that, depending on the wavelength regime of interest and the
desired application, the highest carrier concentration might not necessarily be the best. One example
of when this is true is epsilon-near-zero (ENZ) applications [30-32]. ENZ materials are interesting
because they show potential for lossless waveguiding around sharp corners and pinning of emitter
frequencies, for example, both characteristics which could be quite useful in photonic architectures.
While this is not technically a plasmonic application, it is often considered part of the same field as by
definition metallic materials have a zero-crossing of ¢; and dielectric materials do not and therefore,
designs typically use metals and metallic nanostructures. In this case, the desirable optical properties
would be to simultaneously have ¢, and ¢, as close to zero as possible and to have the frequency at
which this occurred be tunable.

Second, as was briefly mentioned in the introduction, there are several reasons why traditionally
used plasmonic materials such as gold and silver, while still ‘good’” may not be the ‘best” materials in all
situations. If we were to create a plasmonic material properties ‘wish list’ of sorts, outside of having
enough carriers and low enough losses to make it plasmonically active, the list might include a mate-
rial which: has variable optical properties that are dynamically tunable, perhaps even optically tunable
and may also include environmental considerations based on the application. For example desirable

attributes might be for a material that is robust and durable; is compatible with CMOS manufactur-

14



ing; and is bio-compatible.

Originally silver and gold were the only commonly used plasmonic materials [19]. They were
later joined by aluminum, a good plasmonic material in the ultraviolet, but with a high tendency
to oxidize[33-35]. Over the past few years the range of materials explored has expanded to included
not only a wider range of metals, but also many intermetallic compounds including nitrides, borides,
and carbides, oxides, and even heavily doped semiconductors such as silicides, germanides, and ar-
senides [23, 36—41]. Heavily doped semiconductors do not have a large enough carrier concentration
to exhibit plasmonic behavior in the visible or near-IR wavelength regime. Within this range, several
transition metal nitrides including TiN, TaN, VN, and HfN have been suggested as potential candi-
dates [29, 42—50] due to their high carrier concentrations and also robustness.

TiN is robust, bio-compatible, CMOS-compatible and the optical properties can be deliberately
chosen as required for the device design by sputtering over a wide range of deposition conditions. Fig-
ure 1.7 showsa sample of the wide range of optical properties which I was able to achieve by controlling
the deposition conditions. How to control these optical properties and what causes these variations
will be discussed throughout the remainder of this dissertation. In addition, in the following section,
the basic properties of TiN will be discussed, showing that as compared to gold and silver, TiN has

the potential to satisfy many of the conditions on this wish list.

1.3 BAsic PROPERTIES OF TITANTUM NITRIDE

TiN will be the main material focused on throughout this thesis; therefore, some basic information
on its crystal structure, as well as electrical, optical and other basic properties will be discussed here.
TiN is a particularly promising alternative plasmonic material. While it can be tuned to have optical
properties similar to gold which has served as a plasmonic material successfully for many years, TiN
also can be used to create much more robust, bio- and CMOS-compatible plasmonic devices due to

its higher melting point and increased hardness compared to gold as well as its chemical stability.
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Figure 1.7: The optical properties of TiN and TiO4Ny films vary widely dependent upon sputtering chamber
conditions prior to and during deposition.

TiN in its most common form has a cubic (NaCl) crystal structure with geometry specified by
space group Fm3m, No. 225 as shown in Figure 1.8. The most commonly cited lattice constant, a,
of stoichiometric TiN is 4.24 A though variations down to 4.21A have been measured in N-deficient
TiNg[s1]. The NaCl-type lattice can be though of as two separate face-centered cubic lattices, one of
all the metal Ti atoms and a second of all of the N atoms offset by distance, a/2.

TiN is a transition metal nitride and a refractory metal, named as such due to its high melting
temperature. The melting point has been measured to be >2900°C [53, 54] significantly higher than
typically used plasmonic metals silver and gold, both near 1000°C and aluminum near 660°C [s3].
In terms of its structural properties, TiN has a high hardness near 9 on the Mohs hardness scale as
compared to gold, silver, and aluminum near 2.5-3 [53]. Due to this high hardness and insensitivity to
heat, TiN is quite robust, even commonly used as a protective coating on drill bits and gears [54—57].

TiNy is also chemically stable, existing in a thermodynamically stable state over a wide range of stoi-
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Figure 1.8: Schematic of TiN crystal structure. Lattice parameter a = 4.24A. Schematic produced using
VESTA software [52]

chiometries, where 0.6 < x < 1.1 [58], with Ehrlich [s1] reporting TiN being stable in this phase further
still until TiN, 4, and switching to hexagonal phase only for lower N-content. For this reason, many
of the measured properties of TiN vary quite significantly. For example, the density of TiN has been
shown to vary with the N-content as measured by Ehrlich [51] and reported in [59]. Stoichiometric
films with Ti:N ratio of :1 are more dense than N-deficient films as shown in Table r.1. It has also been
reported that films with higher porosity exhibit higher electrical DC resistivities [60]. The resistivity
has in turn also been shown to depend significantly on the chemical composition and crystallinity. It
been measured as low as 18uQ-cm [61] and 21.71Q-cm [62] at room temperature but values within
the range of 50-500)-cm seem to be most common for polycrystalline TiN films [63-67] though
much higher resistivity films have also been measured, even up to 12 x 10~ * Q-cm [68].

Since TiN is chemically stable, it is not etched by hydrochloric acid, sulfuric acid, or nitric acid
[59]. Itis soluble in aqua regia [59] and has also been wet-etched via basic Piranha solution [69, 70].
Using a INH,OH : 2H,0, : sH,O at 75°C, the etch rate of TiN was found to be approximately
o.snm/sec [71]. For nanostructuring purposes, TiN can also successfully be dry etched using both

F-based [72, 73] and Cl-based etch recipes [72—77]. Chromium is a commonly used etch mask since
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Composition Density
(g/cm?),25°C

TiN; oo 5.21
TiN,_ 0 5.10
TiNo ,, 4.87
TiNo 5 4.74
TiN, 1 4.57

Ti 4.45

Table r.1: TiN density as a function of composition. From [59]

TiN is not etched by Cr etchant, so after etching the Cr mask can be easily removed [70].

The metallic behavior of TiN is due to the intersection of the valence band of the Ti 3d electrons
with the Fermi level as can be seen in band diagram in Figure 1.9 calculated by Patsalas and Logothetidis
[26] based on [78]. As will be discussed in Chapter 3.5, a Drude free electron model can be used to
model the behavior of these Ti 3d electrons but this does not tell the whole story. As is common in
typical rather than idealized metals, there is also some intraband absorption. Patsalas and Logothetidis
predicted two such bands near the L and X points with energy gaps of approximately s-6e¢V and 3-
4€V respectively. As we will see later, these absorptions are well-modeled by adding two Lorentzian
oscillators to the Drude free electron term. The optical and electrical behavior correlate closely.

For reference, a summary of several characteristic TiN material properties is shown in Table 1.2

[79, 80].
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Figure 1.9: TiN electronic band diagram. Reprinted from [26] with the permission of AIP Publishing.

TiN Material Properties

Crystal Structure
Lattice constant, a
Thermodynamic Stability
Density
Hardness (Mohs)
Thermal conductivity
Melting point
DC Resistivity
Unscreened plasma frequency
Plasma frequency
Surface plasmon frequency

Cubic (NaCl)
424 A
TiN; 0.6 <x< LI
5.22 g/cm?

9
19.2W/mK
>2900°C
30 - 70 . m-cm
near 3.8-4€V
near 2.5¢V
near r.1-1.5eV

Table 1.2: TiN material properties
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Magnetron Sputtering of Titanium Nitride

Thin Films

TiTANTUM NITRIDE (TIN) HAS BEEN AROUND FOR QUITE SOME TIME SO IT IS NOT A NEW MA-
TERIAL, BUT RATHER A WELL-ESTABLISHED MATERIAL BEING CONSIDERED FOR NEW APPLICA-
TIONS. Interest in the material began to increase as early as the 1940s. Therefore, there are many
known methods for depositing TiN thin films. The two main types of deposition are chemical va-
por deposition (CVD) and physical vapor deposition (PVD). Among the CVD methods, TiCl,, N,

and H, compounds [81, 82] as well as TiCl, and NH; [82, 83] have been reacted to create TiN. In
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addition, Ti powder can be turned into TiN crystallites by high temperature annealing in a nitro-
gen environment. The most common PVD methods used are sputtering, arc deposition, or electron
beam evaporation. A disadvantage of traditional CVD and PVD methods is that under most con-
ditions, the films need to be formed at high temperatures (850 - 1200°C+). More recently, however
it has been shown that plasma and ion-assisted processes allow for the possibility of depositing TiN
at lower temperatures. Examples of these deposition methods include plasma assisted chemical va-
por deposition (PACVD) [84] and high-power impulse magnetron sputtering (HiPIMS) [8s]. This
chapter discusses the method which I used to produce TiN and TiOxNy films in my thesis work: a
physical method called magnetron sputtering. To produce high plasmonic quality TiN thin films, the
sputtering was performed either at high temperature, or at low temperature with the assistance of an
additional substrate bias as will be discussed in the following chapters. An initial optimization of the
optical properties of these films for plasmonic applications was performed. This focus on the opti-
cal properties contrasts with previous work which has historically focused on the optimization of the
structural and mechanical properties.

Sputtering is a type of physical deposition method often used to deposit thin films. The basics

of the sputtering deposition process are outlined in Figure 2.1. There is a ‘target’ which is the source

— Substrate and film growth
Sputtering | " " L

Gas —* -

~ Sputtering Target

Figure 2.1: Schematic showing basics of sputtering process to deposit thin films. Adapted from [86]
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material which will be sputtered to deposit the film. The target is connected to an RF or DC power
supply. DC sputtering is sometimes referred to as cathodic or diode sputtering. RF sputtering is most
commonly used to sputter insulating targets which cannot be sputtered using traditional DC sputter-
ing which requires conductive targets. The substrate is positioned opposite the target and if desired,
can be heated or cooled, or biased with an additional power supply, or neither or both of these op-
tions, depending on the desired properties of the resulting film. The process is performed in a vacuum
chamber with a maximum base pressure of approx. 10~ Torr, and ideally significantly lower (= 10~
Torr) for the best quality films with the least incorporated impurities. During deposition, the cham-
ber pressure is raised to the 102 Torr range by backfilling with a working gas such as Argon. This gas
should be inert and is typically one of the noble gases. The most common sputtering gas is Ar, but Ne,
Kr, and Xe are also used. After backfilling the chamber, power is applied to the target which acts as a
cathode (negative source) with the substrate acting as the anode. This initiates a glow discharge (quite
similar to a plasma) within the chamber by ionizing a portion of the inert, working gas. The inertions
in this discharge are accelerated toward the target. They energetically bombard the target and eject
atoms from its surface into the vacuum chamber. A portion of these atoms are then deposited onto
the substrate (for example, a silicon wafer) and the film growth process begins. Clearly, this is a com-
plex environment and only the basics are discussed here. Further details, especially those which carry
elevated importance when sputtering TiN, will be discussed later in this chapter. However, before
discussing the details of sputtering TiN using our experimental setup, I will first give a brief overview

of the steps involved in thin film nucleation and growth in general.

2.1 THIN FitM NUCLEATION AND GROWTH

From an atomistic viewpoint, many processes occur on the wafer substrate surface as a film begins to
grow as shown in Figure 2.2. An atom which impinges upon a substrate can first either be reflected

or absorbed onto the surface. If an atom ‘sticks’ to the substrate, the process is called physisorption.
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If the atom does not have enough energy to create a chemical bond, it can desorb. Physisorbed atoms
will have some inherent energy and mobility on the surface. Mobility in this sense can be defined
as the ability of an atom to diffuse across a surface with higher mobilities suggesting greater ease of
movement. These ‘adatoms’, or new atoms being added to the new film, are not yet in equilibrium
with the substrate and can move along the surface and either bind to the surface, or to other atoms or
clusters of atoms. If a chemical bond is formed either between the atom and substrate or between two
atoms, this process is called chemisorption. The formation of clusters of atoms is called nucleation

and can proceed in several ways.

Substrate
Q 00 OO
/ \ / surface chemisorb = %X) a0
mobility  ,toms bond nucleation =
@ @ O island clusters

atoms physisorb =
‘bounce off’ atoms ‘stick’

form

Figure 2.2: Atomistic picture of film growth on the wafer substrate. The substrate has been drawn inverted to
correspond to the sputtering geometry used.

The simplest model used to represent the nucleation process is called homogeneous nucleation. This
is an oversimplification of the gas-to-solid nucleation process which occurs in thin film deposition
however is a good starting pointing for understanding the thermodynamics involved [87, 88]. During
this process there is a change in Gibbs’ free energy, A Gpom,, due to the surfaces created and destroyed
when an atom is added. This is a combination of the reduction or release of chemical free energy by
the system per unit volume, AG,, as well as an increase in surface free energy (or an additional energy

cost) due to the new surfaces being created per unit area, 7
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AGhomo = i7;'73’AG1, + 477y (2.1)
3

As can be seen in Equation (2.1), homogeneous nucleation assumes the formation of spherical
shaped solid-phase islands of radius r, with volume = 4/377° and surface area 477*. AG, must be
negative to satisfy the thermodynamic equations. Another way of thinking about this is the energy
‘costs’ and ‘benefits’ associated with the formation of islands. Since AG, is negative it corresponds to
the energy benefit which happens as islands form, reducing the energy of the system overall. 5 on the
other hand is positive and therefore can be thought of as the ‘cost’ required to create an additional
interface either between the film and substrate or air. By the setting JAG/dr = o, the critical radius
7 = —2y/AG, can be determined. When nuclei have radii < 7*, they will therefore be unstable.
Larger, stable islands will increase in size at the expense of these smaller, unstable islands since this will
lower the energy of the system overall. Thus, as time progresses it is expected that the average island
size will increase. Exceptions include when the deposition rate is fast and when adatoms have limited
surface mobility. In either case, the adatoms cannot diffuse along the surface to rearrange quickly
enough before the next layer is formed.

In reality, the film nucleation and growth process is significantly more complex than the homoge-
neous nucleation model predicts since nucleation occurs not homogeneously, but preferentially (e.g.
on ledges, dislocations and at any imperfections on the substrate surface.) A more complex model rep-
resenting this beterogeneous nucleation process is discussed next. This model acknowledges that there
must still be a volumetric energy change due to the vapor to solid phase transformation; however, in-
stead of a single surface energy term, the surface energy between the vapor and film, Vo the vapor and
substrate, ¥, ; and finally the film and substrate, ¥f; are now all considered leading to a change in the

Gibbs’ free energy [88]:

24



AGhewcro = a7°AGy + ar’y, o+ @y — a1y,

In this case, the nucleation is not limited to spherical islands, but rather is based on the ‘wetting’ of
adroplet-shaped island on the surface specified by geometric parameters, 4;, 2, and 4;, dependent only
on the wetting angle, 6, as shown in Figure 2.3. Here, 4, corresponds to the curved surface area of
the droplet (surface area between the vapor and film), 2,7* corresponds to the projected circular area
of the droplet on the substrate (surface area between the film and the substrate), and ;7 corresponds

to the volume of the film nucleus.

0
r
Voo Ve Substrate
LREN NG, o
IVapor

Figure 2.3: Atomistic picture of heterogeneous nucleation wetting model showing wetting angle 6. Geometric
parameters 4;, 4, and 4; calculated using 6 and droplet radius, r. Adapted from[88]

There are three main types of thin film growth which have been experimentally observed and
which correspond to varied wetting angles and surface energies. These are commonly referred to as
island growth (Volmer-Weber), layer growth (Frank van der Merwe), and mixed growth (Stranski-
Krastanov). In terms of the surface energy, island-like growth is seen when the surface energy between
the substrate and the vapor outweighs that of the film with both the substrate and vapor combined.
This occurs at angles 6 >0° (the growing film wants to curl up into little droplets or ‘islands’). For layer

growth, the substrate must be fully ‘wetted’, with 6 = 0°. In the case of mixed or Stranski-Krastanov
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growth, the surface energy between the substrate and the vapor islarger than the total between the film
and either substrate or vapor which allows new nuclei to form atop the layers. Grain boundaries are
formed at the interfaces between the growing islands in the film. A diagram depicting these different

growth methods is shown in Figure 2.4.

ISLAND
(Volmer-Weber)

,st < ’va + yfs Q0 % QQ}@\“%XJ %(@b

LAYER
(Frank van der Merwe) >

Voo = Yor T Vis 0. OO0

QOOCO000 O

MIXED
(Stranski-Krastanov)

Yoo = Yor T Vs Qo000 OOCC0

Figure 2.4: Film growth models, dependent upon surface energies between film, substrate, and vapor.

Adapted from[88]

2.2 MAGNETRON SPUTTERING

My titanium nitride films are sputtered using a particular method called magnetron sputtering. Mag-
netron sputtering allows for faster sputtering of the target material. In this arrangement, a magnetron
sputtering source is positioned beneath the sputtering target as in Figure 2.5. The magnetron sput-
tering source contains a magnet array which is embedded in the cathode and rests beneath the target
holder.

As discussed earlier, during the sputtering process a voltage is introduced into the gas-filled chamber

which creates a plasma. Some of the free electrons from the plasma ionize the neutral working gas
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Figure 2.5: Magnetron sputtering source schematic. Adapted from [89]

atoms, in this case, Argon. The negatively charged cathode shown in the diagram attracts ionized Art
atoms from the plasma towards the target. These ions which have a positive charge are accelerated
towards the target/cathode and eject off material from the sputtering source target. When magnets
are added beneath the sputtering target, they concentrate free electrons from the plasma close to the
sputtering target. This high electron density causes an increase in the Ar ionization near the target
surface and accordingly an increase in the sputtering rate.

Two examples of used 2” diameter Ti sputtering targets are shown in Figure 2.6. The circular mag-
net arrangement used in the magnetron guns in our sputtering chamber is very popular and causes the
common “racetrack” target erosion pattern seen in the figures. This erosion pattern does not affect
film quality however does decrease the overall usable area of each sputtering target. In general, the
film uniformity depends mainly on the size of the target. Therefore, for a given target size there will
be a given maximum area over which a uniform film can be sputtered. As a typical guideline, a high
quality film can be uniformly deposited over a substrate with approximately twice the diameter of the
sputtering target diameter. For example, to deposit a uniform film over a 4” wafer would require a

geometry with an approx. 2” diameter target. Targets can however be fabricated in many shapes and
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sizes. Industrial sputtering targets can be made incredibly large, often in more elliptical shapes with

lengths up to 8 feet or more [90].

Figure 2.6: Titanium sputtering targets, diameter = 2”. Both exhibit the classic “racetrack” erosion pattern
due to the magnetron sources. The target on the right exhibits a golden color due to the formation of TiN on
the surface during “reactive” sputtering in a mixed Ar and N, gas environment.

2.3 REACTIVE SPUTTERING

Figure 2.6 also shows the effect that reactive sputtering can have on a sputtering target. Reactive sput-
tering is the process whereby instead of only inert noble gases (e.g. Ar, Ne, Xe) being backfilled into
the vacuum chamber, additional reactive gases are also added. The “reactive” gases most commonly
used in general are N, and O, however other gases such as CO,, C,H,, CH, can also be used depend-
ing on the desired film material. Reactive sputtering allows multiple different films to be grown from
a single target. For example, a pure Ti target could be used to sputter not only Ti films but also TiN
with the addition of N, gas, TiO, with the addition of O, gas, or even TiOxNy. During reactive sput-
tering of TiN using pure Ti targets, the target can be passivated as shown by the golden color of the
Ti target on the right-hand side of the figure. This happens when N atoms bind to the surface of the
Ti target faster than they are being sputtered off. With careful control, reactive sputtering allows for

complete control over the film composition and stoichiometry.
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2.4 CONTROL PARAMETERS

Sputtering and in particular reactive sputtering allows for significant control over the stoichiometry,
microstructure, and overall macroscopic film properties as compared to other thin film deposition
methods. The variation of these properties depends on a wide range of parameters which I will sepa-

rate into three main categories relating to the: target, chamber, and substrate.

Substrate material (MgO, Si, Al,O;)
Substrate temperature (20-600°C)
Applied substrate bias (80-100V)

Reactive Gas Flow =, —+—— L

»

® Chamber base pressure

o]

] Target-substrate distance

.. %° T #
Deposition Pressure ,,C; o\ vo o

Target
TiN (nonreactive)
Ti (reactive)

Figure 2.7: Schematic showing various sputtering parameters. The parameters studied most significantly in

this thesis are highlighted in bold font with the particular ranges specified. Adapted from [86]

2.4.1 TARGET PARAMETERS

In sputtering, the first choice is which sputtering target to use, mainly whether to sputter reactively
or non-reactively. Non-reactive sputtering is in general easier since the target is made of the same
material and stoichiometry as the desired film and only requires a single inert working gas species.
Micro-structural control can still be achieved using non-reactive sputtering by adjusting the deposition

pressure, substrate temperature or applied substrate bias. Reactive sputtering requires finer calibration
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of the deposition conditions, but allows for significant control over not only the film microstructure
but also the chemical composition and stoichiometry of the film.

Once a target is chosen, another important parameter which can affect the properties of the ini-
tial layers and subsequently the continued growth of a sputtered film is pre-sputtering of the target.
Pre-sputtering the target involves sputtering the target prior to deposition to remove any surface con-
tamination. For example, one reason to pre-sputter a target would be to remove surface oxide from a
Ti or Si target. Pre-sputtering can either be done with a shutter covering the target or the substrate,
or prior to loading the substrates into the chamber, dependent upon the chamber geometry.

In addition, whether a target is brand new or has been previously used can affect the deposition.
This is important especially for targets which are compounds such as TiN, ITO, Si;N,, etc. as the
stoichiometry of the target can change slightly as the target is used. For example, ITO is known to
often have higher metallic content when the target has been used for some time as compared to new.
In addition, if a single element target has been used under reactive sputtering conditions with different
gases , longer lengths of pre-sputtering may be required to remove any contamination. Noting the
color of the plasma in the chamber (or measuring the wavelength if your setup allows) is one way to

ensure consistency since this is an indication of the consistency of the plasma.

2.4.2 CHAMBER PARAMETERS

The second set of important parameters are those related to the chamber setup and geometry, many
of which are fixed before sputtering. They are however important to consider as they may define
limitations of a particular system for particular materials. These parameters include the base pressure,
deposition pressure,and target-substrate distance.

The first factor is the base pressure of the chamber before deposition. Sputtering chambers can be
used in the 106 Torr range though at these pressures, there are still about 10" — 10" molecules per cm?

(as compared to 10 at atmospheric pressure). By using this pressure we can calculate the monolayer
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time, or the time needed for a monolayer to deposit on a clean, gas-free substrate assuming that each
molecule is able to find a binding site and successfully bind. At 10~% Torr, the monolayer time is on
the order of 10 seconds compared to about 10 milliseconds when the pressure is in the mTorr range
[91]. At10~? Torr, which is a more highly recommended base pressure for sputtering highly reactive
materials such as Ti, there are still about 107 molecules per cm?, however this is r0oox less and mainly
H, with only small amounts of CO, H,O, CH, and CO,, so a significant improvement would be seen
in film quality [90]. In addition, the monolayer time at this ultra-high vacuum pressure is significantly
extended to the order of a couple hours. Some ways to improve the base pressure of a system include
using a load lock, using ion or cryogenic pumps in addition to the more common turbomolecular and
roughing pumps, baking out the chamber, or long pre-sputtering using "getter” materials such as Ti.

While the base pressure of the chamber prior to backfilling with the inert working gas is critical to
sputtering a high quality film with the minimum number of impurities, the deposition pressure also
has a significant impact. To ignite and sustain a a plasma, generally requires pressures in the mTorr
range ( toomTorr for normal sputtering and about rox lower or 1-tomTorr for magnetron sputtering).
These relatively high pressures in comparison to the base pressures or pressures during other physical
deposition techniques such as evaporation indicate that the mean free path (MFP) during sputtering
can be quite short. The MFP can be calculated by [91]:

MEP — I kT szao7xi0 #T

Vardin o yamdip d?p

where, d = the molecular diameter (meters), n = the number of molecules per m?, T = temperature

(Kelvin), and p = pressure (Pascal). Assuming characteristic vacuum parameters, the MFP in the 10—°

Torr range would be approximately 10*cm or room compared to about 10okm for a pressure of 102
Torr. Interestingly, at deposition pressures in the mTorr range, the MEP drops significantly to the or-

der of tocm. Thus, dependent upon the exact deposition pressure used, the molecules being sputtered,
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the temperature, and the target-substrate distance, the deposition may be dominated by either sput-
tered molecules which have more or less ballistically traveled from target to substrate or by molecules
which have bounced off of other molecules/ions/chamber walls, etc. These interactions change the
energy of the incident adatoms upon the substrate and thus changing the deposition pressure and/or
the distance between the target and the substrate can have substantial impacts on the resulting sput-
tered film. In general, decreasing the deposition pressure decreases the number of ions and therefore

the number of collisions, which increases the mean free path as can be seen in the equation.

2.4.3 Gas FLow PARAMETERS

It is well-understood that the reactive gas purity, flow rates and injection location can also affect the
sputtered film quality. The highest purity gases (€.g99.9999% vs. 99.9% Ar) should be used to prevent
impurities from being back-filled into the chamber. The base pressure may not be the limiting factor
forimpurity incorporation if the gas purity is an issue. In addition, as will be discussed in the following
chapters, varying the flow rates of the working as compared to reactive gases can have a significant
effect on the film microstructure during reactive sputtering as this varies the comparative flux of ions
which physically interact with and atoms which react chemically with the target and substrate. For
example, too much of a reactive gas can“poison” the target by depositing a layer on its surface and
affect the sputtering conditions. The location at which reactive gases are injected into the plasma is
also important. The working gas atoms can be ionized and de-ionized repetitively but the atoms that
react chemically are only “used” once. Gas rings with small holes can be inserted around the cathode
and in this way the gas can be evenly distributed into the plasma. In general, it is not advisable to
have reactive gas inputs very close to the target since this leads to target passivation and can cause
problems with arcing, etc. This is called target “passivation” or sometimes “poisoning.” However,
since “passivated” Ti in this case forms, TiN, a conductive material, this is not an issue. In the case

of reactive sputtering of TiN in fact, injection close to the sputtering target is desired. Even if the Ti
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target is poisioned with N, atoms, the TiN layer is still conductive, so DC sputtering can continue. In
research chambers however, where insulating oxide surface contamination could cause problems, the

gas is often not injected right at the target.

2.4.4 SUBSTRATE PARAMETERS

In addition to the target, chamber and reactive gas parameters which have already been discussed, the
substrates and several factors surrounding them also have significant influence over the resulting film
properties and microstructure as will be shown in Chapters 4, 5, and 6. In general, the substrate ma-
terial, including its crystal orientation can significantly affect the resulting properties of the sputtered
film due to lattice match or mismatch, as may be expected. In addition, cooling or heating of the sub-
strate, or application of a bias can have a large impact on the resulting film. In general, films sputtered
at higher temperature will have larger, less porous grains than those sputtered at cooler temperatures.
Application of a substrate bias (positive or negative, DC or RF) while sputtering is one of the eas-
iest ways to significantly alter a wide range of film properties including resistivity, hardness, optical
properties, etch rate, morphology, density, and adhesion. For metallic films, application of a bias has
often shown decreased resistivity as well as increased metallic luster/reflectivity [88]. In addition, bias
sputtering of the substrate prior to sputtering can remove surface oxides or contamination to expose
a pristine surface layer for film growth and can also have significant effects on the initial layers of film

growth.

2.5 STRUCTURE ZONE MODELS

Sputter deposition involves many complex reactions and it is quite difficult to fully understand all of
the details of these processes; however, structure zone diagrams (SZD) help us to qualitatively organize
the expected microstructures of deposited films from porous to columnar to granular dependent upon

several factors which can be controlled. The diagrams also offer suggestions for process adjustments
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such asincreasing temperature or adding a substrate bias, when we deposit films which have undesired
properties. One of the most commonly used diagrams by Thornton [92], which refers specifically to

the microstructure of sputtered films, includes two main axes affecting the film microstructure out-

T

come: the deposition pressure and the fraction T
m

. of the deposition temperature, T, relative to the

melting temperature, Ty, of the deposited film. His diagram posits that as Tl increases, films tend
m

to have lower porosity and larger grain sizes. See Figure 2.8. Thornton’s model acknowledges that

at the temperatures that we work with in our studies which are significantly lower than the melting

temperature of TiN, there are several parameters which influence the surface morphology.
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Figure 2.8: Thornton’s Structure Zone Model. Reprinted with permission from [92]. Copyright 1986, Ameri-
can Vacuum Society.

A more recent structure zone diagram proposes that the Thornton axes be replaced by generalized
temperature T* and normalized energy E* axes as shown in Figure 2.9 [93]. Anders’ model suggests
that the new E* axis include all parameters which contribute to the kinetic energy of ions arriving at
the substrate, for example: deposition pressure, applied plasma voltage, and substrate bias. Due to the

added bias, the adatoms have enough energy upon arrival at the substrate (which increases their mo-
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bility) to rearrange on the surface. It is also interesting to note that Anders’ generalized zone structure
diagram suggests a small deposition parameter space where “low-temperature low-energy ion-assisted
epitaxial growth” is possible. This correlates well with the recent advances in room-temperature ion-

assisted sputtering of metallic TiN which were discussed at the beginning of this chapter.
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Figure 2.9: Anders’ Revised Structure Zone Model. Reprinted from [93] with permission from Elsevier.

The TiOxNy films sputtered within our studies span across zone 1, zone T, and zone 2. To summa-
rize the results which will be discussed in more detail in the coming chapters, TiOxNy films which we
deposited atlow temperature had low reflectivity, high resistivity and high oxygen incorporation. This
high oxygen incorporation is potentially due to “zone 1 sputtering microstructure”, meaning high film
porosity. This porosity leads to less dense films and encourages oxidation not only during sputtering

but also upon removal from vacuum to ambient. Our films sputtered at low temperature (less than
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several hundred °C are always non-metallic unless additional energy is added during the deposition,
such as a substrate bias. Our TiN films deposited at 600°C have small crystallites (< sonm), high re-
flectivity, and low oxygen incorporation. These results are also supported by additional experiments
from the literature [4s, 61]. Upon examining the microstructure, we see that these films more closely
correspond to the transition zone with tiny crystallites and zone 2 with columnar grain structure. The

microstructure and chemical composition will be examined further in Chapters 5 and 6.

2.6 EXPERIMENTAL SETUP

An AJA International, Inc. ATC 2200-V Confocal Sputtering System was used to deposit our TiN
thin films in the Center for Nanoscale Systems (CNS), a member of the National Nanotechnology
Coordinated Infrustructure Network (NNCI) and a part of Harvard University. The turbo-pumped
sputtering chamber has a 22” diameter, 3 RF and 3 DC 2” magnetron sputter sources as well as the
option to apply an additional substrate bias. In this system, the 6 magnetron guns are arranged in a
circular pattern around the circumference of the chamber and are tilted towards the substrate holder
which hangs inverted in the center of the chamber. This is often called a confocal sputtering setup.
See Appendix B for more photos and details of the chamber setup. The system has a separate turbo-
pumped loadlock which allows the main chamber to generally be kept in the 108 Torr pressure range.

Films were DC reactively magnetron sputtered using 2” diameter Ti targets in an AJA International
ATC 2200-V load-locked turbo pumped sputtering system. To remove any residual surface oxide or
contaminants from the Ti target, the target was pre-sputtered with the shutter closed until the voltage
stabilized. A substrate heater controlled the temperature up to 600°C. The base pressure was less than
sx10 7 Torr after heating the substrate to 600°C and was in the 10~® Torr range at room temperature.
The deposition pressure was held constantat 4mT. The Ar: N, gas flow ratio was systematically varied
from nitrogen-deficient 12:4 sccm to nitrogen-dense 8:12 sccm for the reactivelyf sputtered samples,

monitored through mass flow controllers. For some films, as noted, a substrate bias of -80 to -100V
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Figure 2.10: Labeled photograph of 6 target load locked magnetron sputtering chamber used to deposit TIN
films. Substrate hangs inverted in the center of the chamber with height adjustable using BLT. Additional
features (not shown): Turbo-molecular pump attached to back of main chamber. Second turbo pump for
load-lock chamber. Magnetron sputtering guns mounted in circular confocal arrangement around the base of
the main chamber.

was applied.

Additional films were non-reactively RF sputtered usinga TiN target in a 40sccm Ar environment,
with no N, gas flow. The optical properties of these non-reactively formed films were directly com-
pared with those of the reactively sputtered films. The substrates included (100) MgO, c-plane sap-
phire, and (100) p-silicon. Before being loaded into the chamber, all substrates were sonicated in ace-
tone followed by isopropyl alcohol and N, dried. Prior to this, Si substrates were additionally cleaned
in a 49% HF dip with DI H,O rinse and N, dry. The full set of standard operating procedures (SOP)
has been included in Appendix B.

To limit oxidation, both Ti and TiN sputtering targets are stored in nitrogen boxes while not in-

stalled in the chamber. Upon insertion into the sputtering chamber and prior to sputter deposition,
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the targets are pre-sputtered until the voltage stabilizes, for at least a2 minimum of 15 minutes. This
serves the additional purpose of lowering the main chamber pressure due to the strong “gettering”
properties of titanium.

In this arrangement, extremely slow growth rates were recorded of 0.65-0.75snm/minute or about
39-4snm/hour. Growth rates could be increased by choosing reactive sputtering over non-reactive
sputtering, optimizing the target-substrate distance, or potentially increasing the sputtering voltage or
addinga second sputtering target. As will be shown in the Chapter s, significant oxygen incorporation
is noted in the studied films. Increasing the sputtering rate should reduce the probability of oxygen
contaminating the films. However, care must also be taken to make sure films sputtered more quickly
are not too porous as denser films tend to exhibit lower resistivity and less oxygen incorporation. Initial
sputtered films exhibited slightly faster deposition rates of about so-6onm/hour. It was determined
however that even though these films were deposited slightly faster, they had very significant (>30at%)
oxygen content. Therefore, it is assumed that these films as-sputtered were porous and that upon
removal from vacuum were oxidized from amorphous TiN to TiOxNj.

In summary, sputtering is a very useful but also complex process which allows for fine tuning of a
deposited film’s stoichiometry and microstructure due to the many knobs available to control. In this
chapter, T have made an attempt to give a brief introduction to the method and describe some of these
control knobs, as well as introduce some of the subtleties which I have discovered to have significant
influence on the formation of TiN and TiOxNy thin films. For further details on sputtering, as well
as on thin film growth and deposition techniques in general, I suggest “The Materials Science of Thin

Films” by Ohring as an in-depth reference [88].
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Modeling Thin Film Optical Properties

IN CHAPTER 1.2 WE DISCUSSED THE PROPERTIES OF AN IDEAL PLASMONIC MATERIAL, namely
high carrier concentration and low losses. We interpreted “high carrier concentration” as a significant
free electron concentration, or ¢; < o, and “low losses” as [¢,| < |¢|. We also noted that the “best”
material will depend on the desired application and the wavelength regime of interest; therefore to
assess whether a material qualifies as an acceptable plasmonic material, it is desirable to determine the
optical constants as a function of wavelength over the regime of interest. This can be done using a
technique called spectroscopic ellipsometry.

Spectroscopic ellipsometry is a relatively quick and sensitive method of assessing the optical prop-

erties of a material. However, the data provided via this method is through a modeling process which
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is not always straightforward. The goal here is to strategically determine the main optical features
within a film which contribute to the phase changes affecting the observed optical data. By using the
ellipsometric data, together with strategic guesses concerning the material composition we can carry
out a sensitive analysis of the material optical response (e.g. the real and imaginary components of ¢).
We can even fit non-homogeneous materials via this method which may have partial dielectric, partial
metallic responses, an ideal tool and method for these kinds of unconventional plasmonic materials.
In this chapter, I will provide an overview of the spectroscopic ellipsometry (SE) method for non-
invasively measuring the optical properties of thin films. A highly detailed discussion of this topic can
be found in the “Guide to Using WVASE Spectroscopic Ellipsometry Data Acquisition and Analysis
Software” by the J.A. Woollam Co., Inc. [94]. Anadditional recommended reference is Tompkinsand
McGahan [95]. At the end of this chapter, I will focus on the Drude-Lorentz model which is useful for
modeling the optical constants of titanium nitride thin films specifically. Chapter 4 will discuss using
SE to measure and compare the optical constants of TiN thin films deposited under many different

sputtering conditions.

3.1 PROPERTIES OF LIGHT

Prior to describing the SE technique, I will describe the interaction of light with a multi-layered surface.

Light is a form of electromagnetic energy and thus we begin with Maxwell’s equations.

2.2

o B=o

o 3 108
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By combining these equations, one can arrive at the wave equation:
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Electromagnetic plane waves are one solution to the wave equation. In general form:

E(7,0 = Eoexp(i7 - 7))exp(—iw)

where 7 = a7n/Ais the wavevector along the direction of propagation, 7 is the position vector,
n = n + ik is the complex refractive index as discussed in Chapter 1.2, A is the wavelength of light,
and w is the frequency of light. Therefore, we can imagine light as a wave of oscillating electric and
magnetic field components which satisfy Maxwell’s equations. See Figure 3.1 for a snapshot in time
depicting these components for a wave traveling along the z-direction. For a wave propagating along

the z-direction, the wave equation simplifies to:

Ly
?(z, 1) = E, exp(i(gz — wr))

o

3.1 POLARIZATION

A characteristic of light waves which is extremely important in ellipsometric measurements is their
polarization. The polarization state is defined by the direction along which the electric field points.
For example, in Figure 3.1, the E-field oscillates back and forth between the +y and -y directions (up
and down). Since the field remains within one plane, this would be considered a linear polarization

state. In the typical Cartesian coordinate system, an electric field which oscillates along +x to -x will
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Figure 3.1: Representation of linearly polarized light as an electromagnetic plane wave traveling along the z-
direction split into electric and magnetic field components depicted by the red and blue curves respectively.
From [96]

generally be considered horizontally polarized and for an electric field oscillating between the +y and

-y directions, the light will be considered vertically polarized. If there are both x and y-components

but the E-field oscillations remain within one plane, the light is still linearly polarized.

E Ey

Figure 3.2: Representation of different electric field polarization states. From left to right: horizontal linear
polarization, 45 © linear polarization, elliptical polarization, left-hand circular polarization, right-hand circular
polarization From [97]
Rather than oscillating within a single plane, the E-field can also oscillate along a curved path leading
to cither elliptical or circular polarization. Examples comparing how the electric fields look for circular
as compared to linear and unpolarized states are depicted in Figures 3.2 and 3.3.

Rather than using the Cartesian (x,y,z) coordinate system, the polarization state can also be de-
scribed using the s-p basis system. In this case, the p-direction is assumed to be the direction within
the plane of incidence (the plane highlighted in Figure 3.6) and also perpendicular to the direction of

propagation. The s-direction is also perpendicular to the plane of incidence however is parallel to the
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Figure 3.3: 3D representation of different electric field polarization states as an incident beam begins unpolar-
ized, passes through a linear polarizer and then through a quarter-wave plate to become circularly polarized.
From [98]

surface of the sample. Again, these directions refer to the direction in which the electric field points.
Thus, you will often hear light referred to as having“p-plane” or “s-plane” polarization. Two examples
are shown in Figure 3.6 with arrows denoting the s and p-directions at two particular points.

The basics of polarization are important to understand in ellipsometry because the reflection of
a beam of light at an interface depends upon both the polarization as well as the angle of incidence,
with the angle of incidence defined as the angle between the sample normal and the direction of the
incident beam. For this reason, you will often see reflectance noted in terms of these two polarizations,

R, and R, which will be further discussed in the next section.
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3.2 FRESNEL REFLECTION COEFFICIENTS

The Fresnel reflection coefficients compare the relative ratios of polarized reflected and transmitted

light compared to the incident waves.

~ reflected
~ _ P
"o = “incident
P
~ reflected
- K
"s = incident
s
~ transmitted
_ E
== incident
Ep
~ transmitted
T
ST ~incident

s

Figure 3.4: Representation of Snell’s law showing an incident light beam and reflected and transmitted beams
at an interface between two materials with refractive indices, 7, and 7;

By combining these equations with Maxwell’s equations, the correct boundary conditions, and Snell’s

law (as depicted in Figure 3.4), we can re-write them in the following form:
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These Fresnel reflection and transmission coefhicients describe what happens to the light at one in-
terface. If multiple interfaces and multiple reflections occur such as seen in Figure 3.5, the coeflicients
hold for each interface but must be multiplied along with an additional phase factor due to accumu-
lated phase along the added path lengths. In this figure, £, for example, refers to the transmission coef-
ficient for light with incidence from medium 1 through the interface at medium 2 and 7, refers to the
reflection coefficient for light with incidence from medium 1 upon reaching the interface at medium
2. The overall reflectance and transmittance include contributions from all possible paths with the
intensity decaying exponentially, dependent upon the absorption as the path lengths increase. The {3

phase factor is determined by the film thickness d and can be written as p = 2mdn, /Acos(6;).
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Reflectance is measured in terms of an intensity and is therefore calculated using the square of the
field intensity. The s and p-reflectances can therefore be calculated from the Fresnel coefficients in the
following way:

Ry = [5["

R, =1[r]*
Ellipsometry measures the ratio of these components as discussed in the following section. For more
detail on Snell’s law and Fresnel reflection, see section 2.10 of the WVASE guide [94], Yariv & Yeh [99]

or other introductory electricity and magnetism books.

3.2  SPECTROSCOPIC ELLIPSOMETRY OVERVIEW

Ellipsometry is an optical characterization technique which can be used to determine the thickness
and/or optical constants of a thin film or layers of thin films. During ellipsometry measurements, a
beam of polarized light is reflected off of or transmitted through a sample and the relative amplitude
and phase change ratios in the beam of reflected light are measured. A diagram depicting this process is
shown in Figure 3.6. The technique used in this work, spectroscopic ellipsometry, is a particular type
of ellipsometry in which the wavelength of the incident beam is varied and the response measured to
determine the optical properties of a material over a range of frequencies.

The strength of ellipsometry measurements over intensity reflectance measurements is the mea-
surement of both the relative change in amplitude and also the relative change in phase. We define A
as the difference in phase before and after reflection which can vary from -180° to +180°. There will
also be a difference in phase in different polarizations. For example, assuming an s-p basis, let J; be
the phase difference in the s-polarized light and let 4, be the phase difference in the p-polarized light.
Then,
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Figure 3.6: General ellipsometry schematic. Linearly polarized light is incident upon a reflective thin film
sample. Both the phase and intensity of the reflected, ellipsometrically polarized light are measured.

A=29d—9,

As discussed in the previous section, the different polarizations of light will also have different re-

flectances. The ratio of their amplitudes can be measured by the system. We define a parameter )/

such that N
R
an(y) = =
R

where fR; and E are the Fresnel reflection coefficients. In this case 1} is an angle which can range from
zero to 90°. When the amplitudes are close in amplitude tan(+)) ~ 1 which means <) ~ 45°. Thus,
for a material such as TiN which becomes highly reflective for wavelengths longer than ~ 6oonm, we
expect v/ to approach 45°.

Adding together the phase and amplitude information, gives the fundamental equation of ellip-

sometry (p, a complex-valued parameter). In this equation, tan(+/) corresponds to the real part and

exp(iA) to the phase.
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Itis important to note that the values which are measured in ellipsometry are <), and A. Since these
values are measured, they are therefore “correct” within experimental error. These values however
are not the final desired results, e.g. film thickness, optical constants, roughness, etc. The validity
of the final results depends upon the quality of the data analysis following the measurement. The
modeling process and how to determine whether a model has given “good” results will be discussed

in the remainder of this chapter.

3.3 EXPERIMENTAL SETUP

A Woollam WVASE32 vertical angle spectroscopic ellipsometer by the J.A. Woollam Company, Inc.
was used to optically characterize our TiN thin films in the Center for Nanoscale Systems (CNS), a
member of the National Nanotechnology Coordinated Infrastructure Network (NNCI) and a part
of Harvard University. The tool is a rotating analyzer ellipsometer with a spectral range from deep
UV to near-IR (193 - r700onm) wavelengths, achieved via a Xenon arc lamp. The system has known
fixed input polarization and the analyzer continuously rotates to measure output polarization. Multi-
mode fibers are used to send light from the HS-190 75 W light source and high speed monochromator
system to the sample. The light spot is collimated and approximately 2-3mm in diameter. Focusing
attachments are available for the system which can decrease the spot size to 200 microns but were
not used in this work. Stacked solid state detectors collect the light, a Si detector from 185-110oonm
and an InGaAs detector from 8oo-170onm. A goniometer base is present for automatic and precise
control of the angle from 20° to grazing angles of incidence. A double monochromator is present to
reduce stray light and allow measurements to be made under ambient lighting. A rotating analyzer

with AutoRetarder® can be used for measurement of depolarization or anisotropic samples with high
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accuracy, however it was found that for TiN thin films there is very little depolarization or anisotropy
so this measurement was not needed. The experimental process for taking SE data for TiN thin films

can be found in Appendix C.

detector unit including vertical sample vacuum mount
rotating analyzer and and rotating stage input unit (with polarizer)

solid state detectors / /

input optical fiber
(from monochromator

and lamp)

goniometer for precise angular control

Figure 3.7: Experimental setup: J.A. Woollam WVASE Spectroscopic Ellipsometer

3.4 ELLIPSOMETRIC DATA ANALYSIS AND MODELING PROCESS

The first step in measuring the optical constants and thickness of a film using ellipsometry is to col-
lect ellipsometry data over the desired frequency range. This will provide the raw data <), and A asa
function of wavelength and incident angle. After data collection, an initial physical model describing
the sample must be created in the analysis software. This first model should include the substrate, any
native oxides or interface layers which are known or can be assumed, and any thin film layers. It is
important to have good starting guesses of the values for both the thicknesses and optical constants
of each of these layers. Therefore, any information which can be determined via other measurement

techniques (e.g. profilometry, XRD, AFM, etc.) will be useful to have at this point to choose which
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parameters to fix and which to fit and also to understand the ranges which are acceptable for various
parameters. Generally, this initial model will give a good starting point but will not correctly model
all of the complexities of the measured sample.

After the model has been created, the data analysis software can be used to generate expected Jand
A based on the thicknesses and optical constants of the layers in the model using the Fresnel coefficients
and multi-layer reflection and transmission theory discussed earlier. If the generated results from the
model look relatively close to the measured data, regression fitting algorithms can be used to adjust
the fit parameters and minimize the error. At this point, initial results such as layer thicknesses and
optical constants will be available. It is important to note however, that the process is not yet finished.
Itis very important to first analyze the quality of the results found and whether they make sense. After
analyzing the results and fit quality, the model will generally be adjusted and the data re-fit as necessary
to provide new results until the agreement is reached between the physical model and measured data.
This iterative process is shown graphically in Figure 3.8. The process of assessing the quality of a model

is discussed further in Section 3.6.

3.5 DRUDE-LORENTZ MODEL FOR MODELING TIN THIN FiLms

As described in Chapter 1, the dielectric constant or permittivity is a material property that describes
how light interacts with the electrons within a material. The way in which these electrons are bound in
the material depends on the type of material. Common categories of materials are metals, dielectrics,
and semiconductors. There are several common parameterized models which can be used to represent
the optical properties of these materials. Parameterizing measured data by using these models allows
for adjustment of only a few fit parameters rather than fitting the data at each frequency point by
point. For absorbing materials, using these models also assures that the resulting optical constants are
Kramers-Kronig consistent (meaning ¢, is dependent upon ¢, as defined by Equation (3.1) where P is

the Cauchy principal value and E is the frequency or energy in €V [94]. There are many models which
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Figure 3.8: Process flow for spectroscopic ellipsometry data measurement and analysis to extract results. The
analysis and modeling process should be repeated as necessary until a high quality model is attained.

aim to mathematically describe the nature of these bonds. The most commonly used models will be

discussed here.

o(E) —1= ;P/ ]:]i;szEZdE' (3.1)

Dielectric materials such as SiO, generally have a real part of the permittivity ¢, which is positive and
relatively constant over a wide range of wavelengths and an imaginary part ¢, which is close to zero, an
indication that the optical losses are small as seen in Figure 1.5. This type of behavior can be modeled
by the Cauchy equation where A, B, and C are fit parameters. This is one of the most commonly
used ellipsometric models for non-absorbing materials. This model can also be used to determine

the thickness of an absorbing material if there is a frequency regime over which that material is not
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absorbing.
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For absorbing materials, a standard Lorentzian (mass on a spring) damped oscillator model can be

used. The form of the Lorentz equation used in our models:

AnByE.
Ez — E2 — iB,E

€n,Lorentz — Eoffset
exhibits three main fit parameters for each oscillator, n. These are the amplitude (A, dimensionless),
broadening (B, €V), and the center energy (Ec, €V). In addition, the residual dielectric constant (eofer;
eV) can add a constant value to the ¢, curve. In the mass-on-a-spring model, the damping constant,
7 has a similar effect as the broadening constant, B, in this version of he equation. The typical shape
of this curve is plotted in Figure 3.9 with the fit parameters specified. The typical Lorentzian bell-
type curve models the absorption (thus ,, the imaginary part of the equation shown) and the real
part of the equation models the corresponding Kramers-Kronig consistent ¢,. Figures 3.10 and 3.11
demonstrate examples of how these fit parameters can be manipulated strategically to shift and stretch
to fit a given optical function.

The Drude model is typically used to represent ideal metals. It is a simplification of the Lorentz
model. Because the electrons in a metal are free rather than bound, the restoring force disappears. In
terms of our model, this means the peak center energy E. is close to zero €V and thus drops out of the
equation. This can also be seen in Figure 3.12 which compares the shape of the Drude and Lorentzian

models in terms of the optical constants.

ApB,
E? +iBLE

€n,Drude —

52



3.5

3.0
2.5
2.0f
€ 1.5}
1.0

0.5

0.0}

_0 " L L L L L
?.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0

Energy (eV)

Figure 3.9: Lorentz oscillators with fit parameters labeled

Energy (eV)

Figure 3.10: Two Lorentz oscillator examples showing fit parameters for amplitude (A), broadening (B), cen-
ter energy (£;) and the residual dielectric constant offset, eofzer. Both oscillators have B=1,E.=3¢V, and eofer=1
however differing amplitudes A=2 and A=3 show how increasing the amplitude of the resonator increases the
absorption e,.
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Figure 3.11: Comparison of two Lorentz oscillators with the same fit parameters A=3, B=1, and e,gge:=1 but
different center energies E. =3¢V and 4eV

The Drude model exhibits therefore only two fit parameters (A, and By,), as a function of E (units =
eV.) The fit parameter A, is related to the plasma energy by A, = sooE; where E, is the energy of the
plasma frequency as defined in Chapter 1and o is ¢ffser far from the region of interest. In addition
to ideal metals, some transparent conducting oxides (TCOs) can potentially be well-modeled using a
Drude term, for example metallic indium-tin-oxide (ITO) in the visible to near-IR regime.

In many materials however, a single Drude term is not enough to fully describe the optical behavior.
Highly metallic and conductive TiN behaves as one would expect for a more typical metal. Through-
out the visible and into the near-infrared frequency range, the optical behavior can be modeled by a
combination of a single Drude component representing the free d-band electrons and two Lorentzians
at higher energies within the short visible to ultra-violet range which are thought to represent inter-
band transitions similar to those exhibited by gold [48, 100-102]. An example of a moderately metallic
TiN film which can be modeled via these three components is shown in Figure 3.13. Table 3.1 shows
the sample fit parameters used in this reference example. Note that only the imaginary part of the

permittivity, ¢, is shown in Figure 3.13 for clarity with the three individual components in green and
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Figure 3.12: Comparison of Lorentz oscillator with fit parameters A=2, B=1, E.=3¢V and ¢oe:=1 and Drude
component with fit parameters A=2, B=1, and eopec=1

the sum of all components in black. Figure 3.14 shows the corresponding real components.
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Figure 3.13: TiN reference (black) for ¢, fit by one Drude (green solid) and two Lorentzians (green dashed)

This type of parameterized modeling of WVASE SE data can be accomplished in the WVASE soft-

ware by building a “General oscillator model” with one Drude and two Lorentzian oscillators from a
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Figure 3.14: TiN reference (black) for ¢, fit by one Drude (blue solid) and two Lorentzians (blue dashed)

Fit Parameter | Drude | Lorentz #1 | Lorentz #2.
A 35.0 212 5.4391
B (eV) L2 1.2472 2.0849
E.(eV) - 3.2636 4.761

Table 3.1: TiN Reference Example: Ellipsometry Fit Parameters

reference TiN spectra and then adjusting the fit parameters as neces

discussed theoretically in this chapter. The details of how to create this type of model in the WVASE

sary to get high quality results as

software are explained well in Chapter 8 of the Woollam manual [94].

3.6 EvaLUATION OF AN SE MODEL

Finally, it has been mentioned several times that the optical constants and thickness derived from el-
lipsometric measurements are not measured directly, but rather are the product of creating a model of
the measured sample and deriving results from that model. Therefore, it is important to not hastily

trust results derived from the first model used without first verifying that the model is indeed “cor-
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rect”. The first step in this process is to check the fit. Compare the data generated from the model
with the experimental data. Do they look similar “by eye”? Quantitatively, the goodness of the fit can
be checked by looking at the mean squared error (MSE). In the data fitting process, regression analy-
sis is used to fit the data and the Levenberg-Marquardt algorithm [103] is used to find the minimum
MSE. It is important to check if the MSE is low enough at this point. The minimization algorithm
may have ended up in a local rather than global minimum due to not having the best starting value
or the model may need additional complexity added to fully capture the most important features (e.g.

surface roughness, grading, anistropy, etc).

Analyze quality of
model and results

Good fit? Low MSE? Unique? Physical?

Figure 3.15: Main parameters to consider when analyzing the quality of a fit to SE data

In addition, a more subtle modeling challenge is the determination of whether a model is unique.
Unique in this sense refers to the idea that multiple models could have a similar “goodness of fit” by eye
and similar MSE values. This is often due to correlation between multiple parameters or overfitting
of data. Therefore a uniqueness test should be done to find the minimum number of parameters
needed to achieve the same quality of fit. For example, a standard uniqueness test to run for a thin,
absorbing film such as TiN would be to vary the thickness of the film while allowing the optical model
to be freely fit and plot the MSE values of each fit as a function of the film thickness. There should
be a minimum to the curve corresponding to the actual film thickness as shown in the example in

Figure 3.8. If the curve is flat rather than parabolic in shape, this means there are many ‘equally good’
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models and therefore, the model is not unique. Finally, once a model is determined to be a good fit,
it should also be confirmed that the results are indeed physical. For example, is the model Kramers-
Kronig consistent? Is there normal dispersion? As a specific example, for transparent materials, as A
increases, the index of refraction should always decrease. If it increases, the model is not physical and
cannot be correct.

An ellipsometric model is just that, a model. The MSE will never be exactly zero and the model will
never be perfect. The goal is to create a model which correctly captures the main optical features of
the film which contribute to phase changes and thus affect the ellipsometric data. As described earlier,
this is an iterative process so the best ways to get the correct data are practice and patience. For more

details see Chapter 9 of Tompkins and McGahan [95] or Chapter 13 of the WVASE Guide [94].
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Correlation of Deposition Conditions with

Optical and Electrical Properties of

Sputtered I'TO, TiOXNy, and TiN Films

THE GENERAL METHOD OF characterizing the optical properties of a sputtered thin film via spectro-
scopic ellipsometry (SE) was well-described in the previous chapter. In this chapter, the deposition
conditions are correlated with these optical models. In addition, the optical models are compared to

electrical measurements to further verify their validity.
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This chapter is split into three main sections. First, indium tin oxide (ITO) will be discussed due to
both the vast collection of previous work on this material and also due to the comparative simplicity
of the optical models [104-109]. Next, titanium oxynitrides (TiOxNy) will be discussed as interest in
them has recently begun to be piqued within the optical realm [110] for applications where absorption
can be beneficial (e.g. solar cells [111, 112] and glazed coatings [113].) Finally, more metallic TiN will be
discussed in detail in the remainder of the chapter with the focus on describing the critical deposition

conditions necessary to maximize the ‘metallic character’ of these films for plasmonic applications.

41 Inprum Tin Oxipe (ITO)

Sputtered indium tin oxide (ITO) is an example of a doped transparent conducting oxide (TCO). As
the carrier concentration (doping) of the film changes, the electrical and optical properties of the film
change [10s, 109, 114]. We have confirmed that by varying the sputtering conditions, we can control
the carrier concentration. This renders the optical properties of ITO as widely tunable as shown in

Figure 4.1. As can be seen in the figure, increased substrate temperature during sputter deposition

4 1
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Figure 4.1: By changing the sputtering conditions, the conductivity and optical properties of ITO are tun-
able. Increasing the substrate temperature during deposition shifts the plasma frequency to shorter near-IR
wavelengths.
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results in increased metallic character of the films but with increased losses. In more comprehensive
studies, the plasma frequency has been tuned throughout the near-IR wavelength regime mainly by
controlling the substrate deposition temperature or by post-deposition annealing [107, 109]. Similar
results were seen in this study. All films in this study were sputtered non-reactively at 3mT deposition
pressure and with 60W RF power. The detailed deposition conditions for these films can be found in
Appendix A.

Table 4.1 shows the Drude-Lorentz ellipsometric model parameters using the format as specified in
Equation (4.1) for the data plotted in Figure 4.1. The parameters are compared for 4 different sputtered
films (labeled ITO1-4). For each film, several ellipsometric models consisting of either a Drude term

plus Lorentz term as shown in the equation or only a Drude term were compared.

Sample Range | eoffier Drude Lorentz Thickness | MSE
As | Bp | AL | BL | E, (nm)

ITO1 model2 | 8oo-1700 | 3.87 | 3.68 | 0.09 | - - - 134.6 44.6
ITO2 model4 | 400-1700 | 3.45 | 1.38 | 0.13 | 2.61 | 0.14 | 4.14 86.5 5.5
ITO2 models | 400-1700 | 4.42 | 1.63 | o2 | - - - 87.2 717
ITO2 model6 | 800-1700 | 4.17 | .42 | 0.13 - - - 86.6 2.9
ITO3 models | 800-1700 | 3.43 | .41 | 012 | 1.95 | 0.22 | 3.43 87.5 0.4
ITO3 model6 | 8oo-1700 | 4.07 | 1.49 | oa2 | - - - 87.0 0.9
ITO4 model2 | 800-1700 | 3.34 | 129 | o1 | 2.54 | 0.21 | 3.73 86.4 0.4
ITO4 model3 | 8oo-1700 | 4.18 | 1.36 | o.n - - - 86.0 0.9

Table 4.1: ITO Drude-Lorentz Ellipsometry Model Parameters according to Equation 4.1

ErTO = & + i€, = Eoffset T EDrude T €Lorentz
Ao, ABE, (4.1
E*+iBpE  E*— IE* —iB E

EITO — Eoffset —

As can be seen by comparing the mean squared error (MSE) values in Table 4.1, ITO can in gen-

eral be roughly approximated using a single Drude oscillator for near-IR wavelengths greater than
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about 8oonm. If we focus on ITO2 modely, we see that a model with a Drude plus single Lorentzian
approximates the data well with a mean square error (MSE) of only 5.5. When the Lorentzian is re-
moved and the data modeled using only a single Drude term the MSE increases significantly to 71.1
(ITO2 models). However, if the range is restricted to include only wavelengths longer than 8oonm,
the model again improves within an acceptable range (ITO2 model6). The results for this particu-
lar film are compared directly in Figure 4.2. The figure shows almost complete overlap between the
red curve (Drude + Lorentz oscillator, 400-1r700nm) and the black curve (Drude only, restricted to
>8oonm). When modeled using only a Drude oscillator over the full range of wavelengths however
(blue curve), there is a significant increase in the error (MSE) and in the visual agreement of the mod-
eled optical properties of the film. This is due to the significant absorption peak in the ultraviolet

which must be modeled by a Lorentzian, the tail of which extends into the visible range.
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0.5 [ D+1L

4 Drude only !
04 = = =Drude (>800nm) /
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Figure 4.2: Comparison of Drude vs. Drude-Lorentz model for ITO

Note that while these models in general do accurately model the rough average optical constants of
these films, ITO films are known to exhibit gradation in optical properties throughout the thickness
of the film which should be included to improve the accuracy of the results[115]. In addition, a surface

roughness layer has not been added here since the results were studied mainly in the near-IR; how-
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ever, if visible or ultraviolet data is required, then the addition of both the Lorentzian and a surface
roughness layer would likely be necessary.

In addition to determining the best optical models, basic electrical measurements of these films have
been taken and the results compared to the SE optical models. The crossover wavelength A, where ¢
is nearly zero was calculated from the Drude model for each of the ITO films shown and compared
to the measured Hall resistivity in Table 4.2 and Figure 4.3(a). For a model which consists of only
a single Drude term, the crossover frequency is also known as the unscreened plasma frequency, wyy.
The more conductive ITO (sample: ITOx) sputtered at elevated substrate temperature exhibited both
lower resistivity and a shorter crossover wavelength (higher plasma frequency) as expected based on
the Drude model. In addition, as shown in Figure 4.3(b), the more conductive sample also had a sig-
nificantly higher carrier concentration than the samples deposited at room temperature. Therefore, it
can be inferred that increasing the substrate temperature during deposition increases the carrier con-

centration which in turn leads to a shorter crossover wavelength.

Sample | Temp | wypy A | Resistivity | Carrier Density | Hall Mobility
(°C) | (V) | (nm) | (Q-cm) (cm™) (=
ITOx 200 | 0.97 | 1280 | 2.2x10 * -LIX 107 -26.7
ITO2 20 0.57 | 2180 | 7.4x10™* -3.1 X 10%° -27.0
ITO3 20 0.59 | 2120 | 7.6 x10™* -3.2 X 10%° -25.5
ITO4 20 0.56 | 2220 | 8.5x10 * -2.8 x 10%° -26.6

Table 4.2: ITO Plasma Frequency/Crossover wavelength as calculated using Drude model spectroscopy el-
lipsometry parameters from Table 4.1 compared to measured Van der Pauw resistivity and Hall mobility and
carrier concentration

It has been shown that within the longer visible to near-IR wavelength range, ITO is well-modeled
by the Drude model signifying that within this range, the material essentially has metallic-like behav-
ior with free electrons distributed throughout. Therefore the electrical properties of the film can also

be well approximated by spectroscopic ellipsometry measurements and modeling and vice-versa. A
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Figure 4.3: ITO crossover wavelength and carrier concentration versus resistivity

simple Drude free electron model curve predicting plasma wavelength as a function of carrier concen-
tration is shown in Figure 4.4. The calculated A, values from the optical SE models correlate well with
the Drude model predictions per Equation (1.3) with 7" = 1.1m,. Therefore, for ITO films a Drude

model can be used to accurately predict the approximate crossover wavelength X, using only quick

Hall measurements.
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Figure 4.4: Plasma wavelength is approximated via Drude free electron model for different carrier concen-

trations and compared to experimental data points for sputtered ITO thin films with carrier concentration
measured via Hall measurements and plasma wavelength via spectroscopic ellipsometry
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ITO is a well-developed material which has been thoroughly characterized previously both elec-
trically and optically, widely used for applications in which a transparent conductive layer is desired.
ITO and other transparent conducting oxides such as doped zinc oxide (AZO/GZO) have recently
garnered renewed interest within the plasmonics community with potential uses as electrically and
optically tunable epsilon-near-zero (ENZ) materials. [116-118]

In this thesis, after my experimental and data analysis techniques were established using ITO, I
focused therefore on a “new” and less-studied material optically and plasmonically, titanium nitride
(TiN). As discussed eatlier, previous characterization of this material has focused heavily on structural
and mechanical properties. Using the same techniques as shown in this short case study of conductive
ITO, next I focus on the optical and electrical properties of sputtered TiOxNy and TiN, with a specific
focus in this chapter on how to control and optimize the optical properties in sputtered thin films for

plasmonic applications.

4.2 OVERVIEW OF OPTICAL BEHAVIOR OF TrTANTUM NITRIDE (TIN) AND TITANIUM

OxYNITRIDES (TiO4Ny)

Similar to ITO, the deposition of thin films of TiOxNy and TiN can be controlled by changing the
deposition conditions to produce films with varied optical, electrical, and structural properties. Even
small changes in the stoichiometry and chemical bonding can have profound changes in the electronic
band structure and optical properties. While stoichiometric TiN exhibits a gold-like hue, the color
of films with oxygen impurities added can vary from gold-like to brown and purple as shown in Fig-
ure 4.5. Itis important to note that this is not an interference effect. All thin films shown in Figure 4.5,
are of similar thickness and have been sputtered onto transparent substrates. The variations in color
are due to the varying optical properties of the films. The most conductive films exhibit a reflective yel-
low color similar to that of gold and the most resistive, a range of darker shades from purple to brown.

Previous studies have quantified this effect in further detail and suggest that films with lower values of
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Figure 4.5: TiOxNy films of similar thickness deposited under varying conditions onto transparent substrates
exhibit widely varying colors.

brightness have lower resistivity and higher carbon or oxygen content, with Ti:N values further from
stoichiometric [119-122].

The optical properties of TiN thin films have a sensitive dependence on the deposition conditions
and thus exhibit wide tunability as shown in Figure 4.1. As a general trend, those TiN films identified
by SE to have a larger magnitude of negative real permittivity (i.e. were “more metallic”) also exhib-
ited lower values of Hall resistivity, had a lower concentration of oxygen impurities, and exhibited
better crystallinity. As discussed in Chapter 3, the optical properties of metallic TiN can be modeled
by one Drude and two Lorentzian oscillators. Films determined to be ‘dielectric’ through ellipsomet-
ric measurements were actually oxynitrides exhibiting high oxygen impurity concentrations and no
discernible long-term crystalline order. Modeling SE data for these films required the addition of an
extra Lorentz term to model the NIR absorption.

We found that the substrate temperature, substrate choice, amount of N, gas flow, and any ad-
ditional applied bias all had significant effects on the optical properties of the final films. Varying
the composition of gases during reactive sputtering of TiN in general gave a greater degree of control
to the thin film formation as compared to nonreactive sputtering; however, by varying the substrate
temperature during deposition, a significant range of properties can also be achieved via nonreactive
sputtering. In addition, by applying a bias while sputtering we were able to deposit metallic TiN films
at room temperature.

In the next section of this chapter, I will first focus on the more ‘dielectric’ oxynitride films followed

by a discussion of the critical factors required to sputter the most metallic TiN films for plasmonic
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Figure 4.6: The optical properties of TiN and TiOxNy films vary widely dependent upon sputtering chamber
conditions prior to and during deposition.

applications. In Chapters s and 6, I will add correlations of this optical behavior with structural and
compositional measurements to provide initial suggestions as to the underlying structural cause of the

variation in optical properties.

43 Trrantum OxyNITRIDES (TiOxNy)

Preliminary sputtering trials showed that reactively sputtering thin films from a Ti sputtering target
with no or little elevation of the substrate temperature during deposition (tested 20 to 50°C) created
titanium oxynitride (TiOxNy) thin films which exhibited entirely dielectric behavior, far from the
expected metallic behavior of titanium nitride. This was true both at reactive gas ratios of 4:6 and
10:5 sccm Ar : N,. The results are shown in Figure 4.7. Upon elevation of the substrate deposition
temperature (400 to 600°C) the metallic character gradually increased, however was still far from the
metallic-like behavior expected of TiN.

All films shown in this figure were reactively sputtered at 250W (or 200W denoted by *) direct

current at either 4:6 sccm or 10:5 scem (Ar: N2) onto Si wafers with a thick PECVD SiO, layer ( 400-
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3soonm). The thick SiO, layer beneath the sputtered oxynitride was used to enhance the optical signal
for improved SE data modeling. The base pressure was in the 107 Torr range for all films prior to sub-
strate heating; however, for the films deposited at > 400°C were in the 10~° Torr range after heating.
The deposition time was 25 — 30 minutes (exception: TiNio, sputtered for 6o minutes, ronm). The
resulting sputtered films ranged in thickness from approximately 30-7onm thick giving deposition
rates near 2nm/min. (exceptions: TiN1s r.inm/min, TiN16 2.8nm/min). X-ray photoelectron spec-
troscopy (XPS) studies which will be further detailed in Chapter s revealed that these film were high

in oxygen content and thus oxynitrides rather than the TiN that was originally desired.
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Figure 4.7: Thin TiOxNj films on thick SiO,( 400-3500nm) layers on Si substrates can be tuned to exhibit
varied dielectric character by changing the substrate deposition temperature and other deposition conditions.
(Solid and dashed lines denoted two difterent types of SE models: (- - -) 4 Lorentz oscillators , (—) 1 Drude + 3
Lorentz oscillators)

Itis difficult to create high quality and unique ellipsometry models for dielectric films like these be-
cause they do not conform to the known optical properties of either metallic TiN or dielectric TiO,
but are rather somewhere intermediate so there is not good reference data from which to make good
starting parameter guesses. Unlike ITO films which we showed can be modeled well over a significant

wavelength range by a single Drude term, TiOxNy films require several oscillators within the visible
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to near-IR range to produce an acceptable model. The TiOxNy films deposited at the lowest temper-
atures (RT, 50°C) are predicted to be porous as sputtered [123] and then oxidize both at the surface
and along grain boundaries and throughout the porous areas upon being removed from vacuum. For
this reason, the best initial ellipsometric models for these films were derived from an effective medium
approximation (EMA) layer which was fit to a % TiN and the remaining % TiO, to form a starting

model.

eeMa = X * e7in + (1 — %) * eio,N,

The best fit attainable from that model was then converted into a general oscillator model. Two types
of models were tested. The first consisted of 4 Lorentz terms and is denoted by the dashed lines in Fig-
ure 4.7. The second set of models consisted of one Drude term and three Lorentzians to parameterize
the model (denoted by solid lines in figure). While the behavior varies slightly between the two sets of
models the results are in general quite close. Therefore, to improve the consistency of the optical data
fits as compared to the metallic films the second set of models including the Drude term was used for
the remainder of the analysis. The parametric equation for the TiOxNy model used in this section is
shown below. Therefore, as compared to the TiN SE example model discussed in Chapter 3, rather
than 1 Drude and 2 Lorentzians, modeling oxynitride films requires the addition of a third Lorentzian

term to capture the lower energy/longer wavelength absorption centered near 1eV.

ETIOxN, = & + ig, = goffser T EDrude T €Lorentz#1 T €Lorentz#t2 T €Lorentz#3
ApBp ABE, _  ABE, AB,E,
B+ iBpE | B, — B —iBE  E. — [ —iB,E  Ei— ' —iBE

ETiOxNy = Eoffset —

An example of an oxynitride film whose SE data is fit using this model to retrieve the optical prop-

erties ¢; and ¢, as a function of wavelength is shown in Figure 4.8. The film chosen is TiNo, a dielectric
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film for which the full deposition properties are shown in the Appendix. As can be seen in the figure,
the Drude component trends negative in ¢, as wavelength increases. The unscreened plasma frequency
shown where the Drude component only is nearly equal to zero, in this case at just over it6oonm. The
fit parameters for this film and all oxynitrides shown in Figure 4.7 are listed in Table 4.3. The Drude
component is seen to increase in amplitude as the metallic character increases. The Lorentz oscillators

are centered within 3 energy ranges: 1-1.3¢V, 3-3.6¢V and near seV.

12

14

400 600 800 1000 1200 1400 1600 800 1000 1200 1400 1600

Wavelength (nm) Wavelength (nm)

Figure 4.8: TiOxNy example of SE fitting parameters for optical properties using one Drude term and three
Lorentz terms to model the additional absorption in these films. The unscreened plasma frequency Wy i
designated by the frequency where the Drude component is nearly zero.

As shown in Chapter 1 the unscreened plasma frequency depends on two parameters, the carrier
concentration, N, and the effective mass, 7*. This dependence is shown again in Equation 4.3. Since
there is a direct dependence of @, on the carrier concentration, how “metallic” a film is can be de-
termined by directly comparing ey, from different films as determined by optical SE data. As will
be discussed further in the next chapter, this metallic character can be controlled by varying the stoi-
chiometry and chemical composition of the film. While not explored in this work, the mass density

has also been shown to have an effect on wp,, [26].
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Sample Eoffer Drude Lorentz Thickness | MSE
A B A B | E(eV) (nm)
TiN8 modelis | 4.05 | 3.01 | 1.20 | 4.60 | 1.03 1.33 53.0/9.8 | 24.7

(RT,4:6) 2.10 | LOI 3.43
9.33 | 1.82 5.00

TiN9 modelir | 3.91 | 5.99 | 0.75 | 8.74 | 115 .22 51.4/9.2 14.1
(50°C,4:6) 2.32 | L23 3.44
8.24 | L.99 5.04
TiN1o modelu | 4.09 | 6.47 | 0.81 | 10.31 | 1.32 LII 110.7/6.0 | 33.7
(RT,4:6) L77 | 0.74 | 3.06
724 | 2.44 | 4.96
TiNu model4 | 3.04 | 9.67 | 0.82 | 9.86 | 1.28 1.08 48.7/5.6 | 57.8
(400°C,4:6) 2.72 | L2 3.33
7.69 | 2.25 5.09
TiN12 model2 | 3.81 | 14.01 | 0.69 | 12.09 | 1L.I7 1.04 58.9/5.1 42.1
(500°C,4:6) 2.44 | 1.26 3.48
715 | 2.02 | 4.99
TiN13 model4 | 3.64 | 22.3 | 0.67 | 13.64 | 121 1.0I 48.4/4.9 | 29.2
(600°C,10:5) 214 | 1.28 3.60
7.29 | 1.88 5.08
TiN1s model4 | 3.05 | 35.95 | 0.70 | 14.05 | 1.18 0.97 28.6/3.3 31.6
(600°C,4:6) 277 | .08 | 3.20
22.53 | 0.88 5.02
TiN16 modely | 4.44 | 7.62 | 0.97 | 13.81 | 1.22 1.04 70.6/13.5 | 24.2
(50°C,10:5) Ls7 | 2.50 | 3.28
755 | 135 | 438

Table 4.3: TiO;Ny Drude-Lorentz Ellipsometry Model Parameters

The substrate temperature during film deposition is known to affect the structure and properties

of sputtered TiN films [4s, 61, 124]. The general trend in Figure 4.7 showed that by increasing the
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substrate deposition temperature, we were similarly able to increase and control the metallic character
of our TiOxNy films. We now focus on a subset of these films to quantify this trend further (TiNS8,
9, 11, 12, 15 - all sputtered at 4:6 sccm Ar:N,). This subset is plotted in Figure 4.9. The “metallic char-
acter” in this case can be thought of simply as how negative ¢ becomes, or more carefully, by tracking
the value of the unscreened plasma frequency, wy,. “More metallic” films have larger wpy, or a greater
number of conduction electrons and ¢ becomes more negative as compared to more dielectric film.

The unscreened plasma frequency is calculated using only the Drude term as shown in Figure 4.8;

15 " " " T T T T 50 T " " . . . T

—— RT (TiN8) ’
40 | 50°C (TiN9) 7
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600°C (TiN15)*
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Wavelength (nm) Wavelength (nm)

Figure 4.9: Thin TiOxNy films on thick SiO2 (400-3500nm) layers on Si substrates can be tuned to exhibit
varied dielectric character by changing the substrate deposition temperature.

however, as shown in that figure, in oxynitrides there are significant contributions from three addi-
tional Lorentzian terms which reduce the overall metallic character. One may therefore ask whether
this method of classifying the metallic character, focused solely on the Drude component, makes sense
for titanium oxynitrides. To confirm the validity of these comparisons between the metallic character
of TiOxNj films using only optical SE data, the electrical resistivity was also measured and the results
compared.

The resistivity of these oxynitride films was measured using Van der Pauw and Hall geometries.
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The results are plotted versus the unscreened plasma frequency as calculated using only the Drude
and offset components from SE data with the corresponding data shown in Table 4.4. The thick-
nesses of each film were determined by a combination of the expected sputtering rate as well as the SE
models. The electrical measurements were made directly on the film surface with gold probes with-
out additional electrical contacts. The measured resistivities were comparable between the Hall and
Van der Pauw geometries and were highly repeatable even without additional contacts. Hall mobility
and carrier concentration measurements however were more variable and would require more careful
measurements. This is likely due to the fact that the mobilities measured in these films were quite low

(0.04 — 0.14cm?/Vs). Carrier concentrations were on the order of 10*>cm™2.

Sample | Temp | wpu | Ap | Resistivity
Q) | (V) | (nm) | (Q-cm)
TiN8 RT - - 2.85x10° 7
TiNg 50 | 0766 | 1620 | 6.4x1073
TiNo | RT | o791 | 1570 | 6.8x107°
TiNu 400 | 1392 | 890 | 2.5x10 3
TiN2 | soo | 1.436 | 860 | 2ax10?
TiN1i3 | 6oo | 912 | 650 | 1.3x10 °
TiNis | 600 | 2.786 | 445 -
TiN16 50 0.851 | 1460 -

Table 4.4: TiOxNy calculated unscreened plasma frequency/wavelength as calculated using only Drude
model term from spectroscopy ellipsometry parameters from Table 4.3 compared to measured Van der Pauw
resistivity

Electrical resistivity also has a direct relationship with the unscreened plasma frequency as defined

by [21, 26]
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plasma frequency (1/wy,), itis therefore expected that the relationship should be linear with the slope
equal to 1/(¢,7p) where ¢, is the permittivity of free space in SI units and 7p is the mean relaxation
time of free conduction electrons in the film. Oxynitride films TiN9-13 do indeed satisfy this linear
relationship as shown in Figure 4.10. The mean relaxation time 7 calculated is 5.1x10™*#s. That these
diverse films satisfy this relationship is perhaps surprising due to their wide range of resistivities (and
stoichiometries/chemical compositions. See next chapter.) However, it suggests that the optical SE
models used are valid and are indeed able to successfully predict the DC resistivity of TiOxNy films

and vice versa, even for these highly varied oxynitride films.
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Figure 4.10: Resistivity compared to inverse of unscreened plasma frequency squared (1/ wy,)- Slope of line
allows calculation of relaxation time.
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4.4 METALLIC TITANTUM NITRIDE

In the prior sections, the variation in optical properties of ITO and TiOxNy was described. While
there has been some discussion of the effect of deposition conditions on these optical properties, a
significant amount of the focus thus far has been on the resulting optical models and fit parameters. In
this section, I will focus not only on the optical models, but also more deeply on the correlation of the
optical properties of the metallic TiN films with the deposition conditions, pointing out the critical
parameters to control the resulting optical properties. The main goal of this work was to optimize
the deposition conditions to sputter TiN films with the greatest metallic character and lowest optical
losses.

We showed previously that the substrate temperature during deposition had a strong influence on
the metallic character of TiOxNy films with conductivity increasing as temperature increased. This
trend also holds for even more metallic TiN films which exhibit smaller oxygen content so I will begin
this section by discussing this parameter. Note that here our “metallic” TiN films do still have some
oxygen defects. In general, here films with < 15— 20 atomic % oxygen are the main focus of discussion.
Besides the temperature during deposition, the choice as well as the preparation of the substrate prior
to deposition also have a large effect on the final properties and will be the next topics of discussion.
We will then evaluate the changes due to gas composition in reactive sputtering as compared to non-
reactive sputtering for a particular substrate, since these effects are more interactive.

In all of my initial work, it was found that high temperature was required to sputter plasmonic qual-
ity TiN films. One of the advantages of TiN as compared to gold for plasmonics is potential CMOS-
compatibility, but if material deposition needs to be done at high temperature, then the process is not
fully CMOS-compatible. By applying an additional substrate bias while sputtering however, I was
able to reduce the oxygen content in my films and increase the metallic character. Therefore, I will fin-

ish this chapter by examining the metallic TiN films produced at room temperature with the addition
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of a substrate bias.

4.4.1 NON-REACTIVE SPUTTERING AT ELEVATED DEPOSITION TEMPERATURE

In the previous section, the initial focus was on TiOxNy films reactively sputtered onto SiO, on Si
substrates. By starting directly with a TiN target and non-reactive sputtering, one may expect that
the resulting film properties may vary less as compared to sputtering from a Ti target using reactive
sputtering. Therefore, in an attempt to increase the metallic character of my oxynitride films further,
TiN films were next non-reactively sputtered. A range of different substrates (e.g. (100) Silicon, (100)
MgO, (ooor) Al,O,) were used based on the literature [ 45, 49, 124-126].

Figure 4.11 provides a summary of the results of increased substrate temperature on non-reactively
sputtered TiN films. We observed the same effect of increased deposition temperature producing
more metallic films which we saw in the TiOxNy films on SiO,/Si. This was true for various sub-
strates, namely silicon, c-plane sapphire, and (100) MgO. ¢, of the sputtered TiN shows little depen-
dence on the particular choice of substrate, but there is a pronounced change on all substrates as the
substrate deposition temperature is increased. TiN films non-reactively sputtered onto c-Sapphire, Si,
and MgO at room temperature all exhibited ‘minimal metallic character’ including: low reflectivity,
high resistivity, and relatively small ¢; just as was seen with reactive sputtering at room temperature on
Si0,/8i. This is again due to high oxygen incorporation even though a TiN target is being used. This
will be discussed further in the next chapter. At elevated substrate temperatures of 600°C, ¢, of the
films reaches negative values for longer wavelengths. The behavior for all substrates tried is similar.
We can therefore achieve significant control over the properties of non-reactively sputtered TiN solely
by depositing at different temperatures and on a variety of different substrates. This is likely due to
an increase in adatom mobility on the surface of the developing film as discussed in Chapter 2. As
temperature increases, more energy is available to incoming adatoms leading to higher mobility and

more metallic films.
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Figure 4.11: Increased substrate temperature while non-reactively sputtering gives adatoms more mobility and
indiscriminately increases the metallic behavior of the TiN films [127]

In addition, it was shown in the last section that the measured DC resistivities of several TiOxNy
films correlated well with the unscreened plasma frequencies, wp,, as calculated from the Drude term
only of the Drude-Lorentz optical models. Asa general guideline, the oxynitride films discussed in the
previous section had resistivity p on the order of 10 3Q-cm. The more metallic films discussed in this
section have p ranging from ~ 10™# — 107°Q-cm or & 40-200 «Q-cm. A rough diagram depicting

this range of p as associated with the optical models of a few films is included in Figure 4.11.

4.4.2 REACTIVE SPUTTERING AT ELEVATED TEMPERATURE ON VARIED SUBSTRATES

Given the more metallic behavior of non-reactively sputtered TiN films deposited at 600°C substrate
temperature, our next experiments adopted this value of temperature, and in addition explored the
behavior of the thin films under conditions of reactive sputtering on the new MgQO, Si, and c-Sapphire
substrates. This deposition procedure utilized nitrogen as the reactive gas and argon as the chemically
inert sputtering gas. Figure 4.12 shows the results of one such experiment, carried out at 12:8 sccm

Ar : N, reactive gas flow at 4mTorr overall deposition pressure and subjected to 200W DC power.
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The films were deposited onto all substrates simultaneously to ensure consistent chamber conditions
for direct comparison of the results. Unlike the situation with non-reactive sputtering, the resulting
¢ versus A of the reactively sputtered TiN films showed a very distinctive dependence on the choice of
substrate even though all were sputtered simultaneously and at an elevated substrate temperature of
600°C. The film sputtered onto sapphire has similar behavior to the oxynitride films on SiO,/Si while
the TiN film on Si is a bit more conductive. There is a significant improvement in metallic character

of the TiN film sputtered onto MgO in comparison to all previously sputtered films.
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Figure 4.12: Reactive sputtering highlights substrate dependence and the potential impact of the underlying
crystal lattice as a growth template, Sample: TiN23

Two main considerations come to mind in trying to better understand this dramatic change in
behavior as compared to previous experiments. First, one may hypothesize that differences in ther-
mal conductivity between the different substrates leads to different adatom mobilities on the surface.
However, if this were the deciding factor, we would have also expected to see a larger difference be-
tween substrates in the non-reactively sputtered samples shown in Figure 4.11 and this was not the
case. The second and more likely reason is the lattice match/mismatch between the growing film and

underlying substrate. As will be discussed further in Chapter 6, MgO and TiN have the same cubic
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NaCl lattice structure and very close lattice constants which allows MgO to act as an excellent growth
template for sputtered TiN films.

Using the methods discussed previously, the SE models for the three films plotted in Figure 4.12 are
included in Table 4.5. In the less conductive films (on sapphire and silicon), just as with the oxynitrides
discussed previously, one Drude and three Lorentzian oscillators (near 1.4, 3.6, and 5.3 €V) are needed
to fit the data well. However, in the more conductive sample on MgO substrate, only one Drude plus
two Lorentzians are needed rather than three. In this case, trying to add the third Lorentzian near 1eV
decreases the validity of the SE model. This agrees well with the metallic TiN band diagram predicted
by Patsalas[26], shown in Figure 1.9 which predicts interband absorption peaks near 3-4¢V and seV

near the X and L-points respectively.

Sample Eoffser Drude Lorentz Thickness | MSE
A B A B | EeV) (nm)
TiN23 MgO models | 3.48 | 107.6 | 0.48 | 175 | 153 3.71 29.1 5.0
6.16 | 2.59 5.34
TiN23 Sit models 2.19 | 60.20 | 0.49 | 3.32 | 1.99 1.47 41.0 3.8

0.5I | 0.58 3.78
6.10 | 3.02 5.38

TiN23 Saph model4 | 2.68 | 25.75 | 117 | .82 | 0.97 | 135 38.8 3.7

.42 | 121 3.44
5.76 | 2.57 5.26

Table 4.5: Drude-Lorentz model parameters for TiN reactively sputtered on various substrates at 600°C.
These models correspond to those plotted in Figure 4.14.

When studying the SE models of the higher oxygen content films discussed earlier, it was found
that as a film exhibits more metallic character, the amplitude, A, of the Drude term also increases.
This trend is seen to still hold valid for these more metallic films as can also be seen in Table 4.5. As
before, this term is used to calculate the wy, for each film. The plasma frequencies are again compared

to the measured electrical DC resistivities as shown in Table 4.6. The new results for sample TiN23
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reactively sputtered at 600°C are added to Figure 4.13. Note that this figure includes the same data
(in black) from previous Figure 4.10 but includes in addition the new more metallic TiN23 films with

lower resistivity ~ 10~ * — 10 *Q-cm and shorter plasma frequencies (in red).

Sample Wpu Wp /e Wep Resisitivity
(eV/nm) | (V/nm) | (V/nm) | (Q-cm)
TiN23 MgO | 3.82/320 | 2.51/495 | 2.36/525 | 6.5x10 °
TiN23 Si | 3.64/340 | 2.34/530 | 2.14/580 -
TiN23 Saph | 3.14/395 | 1.95/635 | 1.77/700 | 2.9x10"*

Table 4.6: Unscreened, screened, and surface plasmon frequency and resistivity for TiN reactively sputtered
on various substrates at 600°C.

The more metallic samples also follow the linear trend demonstrated previously according to Equa-
tion 4.3 with a slightly modified slope corresponding to a 4.8 x 10~ ™*s mean relaxation time, agreeing
well with the previous data. Therefore, we conclude that the free electrons within both these TiOxNy
and TiN films can be well-described by this Drude term over a wide range of macroscopic film resis-
tivities. In addition, Hall measurements of these “more metallic” films found increased carrier con-
centrations (10>> - 10®cm™?) and slightly higher mobilities (0.20 - 0.48 cm?/Vs ) as compared to the
oxynitride films.

Another notable observation from Figure 4.12 is that while the TiN film sputtered onto MgO ex-
hibits significantly more metallic character in terms of the negative value of ¢,, the relative change in
¢, (the “losses”) as compared to films formed on silicon and sapphire substrates is much smaller. This
can be seen directly by comparing the ratio | ¢, | /| ¢, | which is one figure of merit (FOM) used
specifically for surface plasmon applications where the losses are more important. Since the losses of
the TiN films in this case on silicon and sapphire substrates are similar, but the film on silicon is more
metallic, the TiN film on Si has a better FOM than that on sapphire. The TiN film sputtered onto

MgO overall has the highest FOM even though it has the overall largest magnitude losses. Therefore
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Figure 4.13: Resistivity compared to inverse of unscreened plasma frequency squared (1/ wy,)- Slope of line al-
lows calculation of relaxation time. Data from more metallic TiN23 samples on MgO and Sapphire substrates
has been added (red) to the oxynitride film data from previous Figure 4.10 (black)

TiN sputtered onto MgO under these conditions would have more potential for applications requir-

ing surface plasmons than TiN sputtered onto either Si or sapphire under the same conditions.

4.4.3 SPUTTERING WITH VARIED REACTIVE GAs RaTioS

Comparing the results of Figures 4.11 and 4.12, it can be seen that TiN films reactively sputtered onto
MgO substrates at 600°C showed far better metallic behavior than films non-reactively sputtered onto
the same substrates at the same temperature. However, we note that under the same stated conditions,
the reactive sputtering does not produce the same improvement of metallic properties for TiN films
sputtered onto either sapphire or silicon. We tried to better understand these results for deposition
on the different substrates by varying the gas composition from non-reactive conditions (Ar only) to
ratios of Ar:N, ranging from 12:4 (nitrogen-deficient) to 8:12 (nitrogen-rich) sccm, with the total pres-

sure held constant at 4mT. We were curious to see if we could further reduce losses while maintaining
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Figure 4.14: Reactive sputtering highlights substrate dependence - SPP Figure of Merit. Losses do not increase
as fast as the metallic character of the film increases.

or increasing the metallic character by studying a wider range of reactive sputtering ratios. Some vari-
ation has been documented previously [ 45, 68]; Here, we extend the frequency range into the longer
visible and near-IR wavelength regimes. In addition, we test multiple substrates simultaneously to
ensure identical deposition conditions. An important sidenote here is that the particular gas ratios
used in this set of experiments will hold only for this particular chamber geometry, target-substrate
distance, etc. as discussed in Chapter 2. The ideal sputtering ratios should be expected to vary in
different sputtering chambers.

The values of ¢, versus A, plotted for TiN deposited on Si, Sapphire and MgO substrates respec-
tively, are shown in Figures 4.15(a-c), documenting a very different role of reactive sputtering for TiN
deposited on the differing substrates. Note the difference in magnitude of ¢; on MgO versus the other
substrates. The reactively sputtered TiN films on MgO clearly show the best metallic performance
of all films formed in these experiments. The behavior of these metallic films is clearly distinctive and

superior to films that were either non-reactively sputtered (Ar:N, ratio = 40:0 sccm) or reactively sput-
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Figure 4.15: Reactive gas variation on silicon, sapphire, and MgO substrates at a substrate temperature of
600°C. Samples: — TiN22, — TiN29, — TiN23, — TiN3o, — TiN27

tered with different gas compositions. As a test of reproducibility, several conditions were re-tested
and exhibited similar results. An example is shown in Figures 4.15(a,c) which include a second 12:8
scem Ar:N, film. For both the Si and Sapphire substrates, non-reactive sputtering produced more

metallic TiN under all conditions tested in this set of experiments as compared to reactive sputtering.
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This lends credence to the earlier argument that the substrate can play an important role as a lattice
template for film growth.

In addition, by studying ¢, versus A for TiN films sputtered onto the three different substrates as
shown in Figure 4.15(d-f) we notice some interesting trends. The first is that although the magnitude
of ¢, varies significantly across substrates, the magnitude of ¢, is quite similar among the TiN deposited
on all MgO, c-sapphire substrates as well as the more conductive films on silicon. This signifies that
in general the FOM of the TiN films sputtered on MgO substrates under most of this conditions
will in general be the highest and therefore MgO, the best substrate of the three to use for plasmonic
applications requiring travel of surface plasmons. In addition, since the ¢, curves are grouped so closely
together this suggests that perhaps the optical losses in these TiN films on MgO and sapphire substrate
are dominated not by simple Drude losses, but for example by scattering at grain boundaries or other
optical losses. It also suggests the possibility that perhaps with further optimization of the growth

conditions that these optical losses have the potential to be further reduced.

4.4.4 AR-B1as SPUTTER CLEANING OF SUBSTRATES PRIOR TO DEPOSITION

We have now seen multiple instances which provide evidence of the impact of the substrate on the
TiN film growth. As described in Chapter 2, the AJA sputtering chamber used has the ability to apply
a bias to the substrate which can be used to sputter clean the substrates in-situ with an Ar plasma prior
to sputter deposition. This sputter cleaning can remove any surface contamination or thin oxide layers
prior to sputter deposition of the TiN thin film. To study the effect of an additional Ar bias clean on
the different substrates in the vacuum chamber prior to sputtering, two separate sputtering runs were
done with identical conditions: reactive magnetron sputtering for 6o minutes with Ti target at 600°C,
8:12 sccm Ar:N,, 4mT deposition pressure, with 200W direct current. In the first deposition (TiN22),
the sapphire and Si substrates were ultra-sonicated in acetone, followed by isopropyl alcohol, and then

N,-dried prior to entering the chamber. No bias was applied to the substrates under vacuum prior to
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Figure 4.16: Cleaning the surface of silicon wafers using an Ar bias plasma prior to TiN thin film deposition
is crucial to remove the oxide and surface contaminants and expose the Si lattice before sputtering. Using an
Ar bias on sapphire wafers does not improve the film quality. Solid and dashed lines denote: (—) bias clean
of substrate immediately prior to sputter deposition, (- - -) no bias sputtering pre-clean. Samples: TiN21 vs

TiN22

or during sputtering. The Ti target was pre-sputtered for 1 min with the shutter closed and the film
was sputtered for 6o minutes starting from a base pressure of 9.8 x 107 after heating to 600°C (7.7 x
10~ ® prior to heating). The resulting films were 31nm thick on sapphire and 41nm on Si. The second
deposition (TiN21) had the same conditions however a s min Ar bias sputtering clean was done of the
substrates before the Ti target pre-sputter. The base pressure for this deposition was also higher, 2.5
x 10~ % Torr after heating to 600°C (3.2 x 10~ 7 prior to heating). The films were sputtered for 6o min
resulting in 34nm films, both on sapphire and on Si.

The Ar bias clean of the substrates prior to sputtering did not significantly affect the optical be-
havior of the resulting TiN film when it was deposited on a sapphire substrate (Figure 4.16). Hall
resistivity measurements confirmed only a small electrical difference in the films with p = 250 uQ-cm
for the Ar bias cleaned film and p = 343 wQ-cm for the film without bias clean. There is however, a
significant difference in metallic character of the films deposited on different silicon substrates in the

two runs. The sample deposited after the 5 min applied bias clean was much more metallic (more
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negative ¢; and as expected according to Drude model, therefore also larger ¢, than the samples which
had no applied bias to remove surface oxides and contaminants prior to the sputter deposition. We
hypothesize that the bias removes the native oxide from the silicon substrate exposing a fresh layer of

silicon which serves as a better template for TiN film growth.

4.4.5 APPLIED SUBSTRATE Bras DURING DEPOSITION

One of the stated advantages of TiN over other more traditional plasmonic materials is its poten-
tial for CMOS compatibility. For full compatibility, low temperature deposition of metallic TiN is
necessary. The discussion so far has assumed that high temperature was necessary to sputter metallic
TiN suitable for plasmonic applications; however, we discovered that films with large magnitudes of
negative ¢, can also be sputtered even at room temperature by applying an additional substrate bias.
It was confirmed that others have also seen this effect in optical studies of sputtered TiN on silicon
[26] substrates however we extend the effect to MgO and sapphire substrates and improve the metal-
lic character. As shown in Figures 4.17(a-c), drastic improvements in metallic character of TiN films
sputtered onto sapphire substrates, even at room temperature, can be achieved with the addition of
an ~ 100V bias. In addition, highly metallic TiN films are also sputtered onto MgO at room tempera-
ture whereas previously, elevated temperature was required. The drawback to this method is that films
sputtered with the additional bias tend to be slightly rougher and have more defects than films sput-
tered at elevated temperatures. These initial results suggest, however, that CVD or ALD deposition
of metallic TiN films, for example, is also likely possible at low temperature with proper optimization.
Additionally, the ability to deposit plasmonic-quality TiN at room temperature allows for successful
deposition onto a larger variety of substrates. One such example will be discussed in Chapter 7 where
this method is used to create plasmonic TiN pyramids in collaboration with the Eric Mazur Research
Group (Harvard University). Of final note, compared to the case of elevated substrate temperature

without bias as shown in Figure 4.15, in this case with bias as shown in Figures 4.17(d-f), the losses tend
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Figure 4.17: Reactive gas variation on silicon, sapphire, and MgO substrates at 20°C with addition of approx.
-100V applied substrate bias. Samples: — TiN41, — TiN44, — TiN39, — TiN3y

to align more closely with the metallic character of the film suggesting that they are influenced more
strongly by the overall number of carriers. MgO does still seem to be the best substrate choice however
based on the ratio of the losses as compared to the metallic character.

In summary, to deposit TiN films with the largest negative ¢ which are best suited for plasmonic

applications, care should be taken to reduce oxygen contamination. In addition, increasing the film
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crystallinity is also helpful as will be discussed in more detail in Chapter 6. Previous studies of TiN for-
mation have suggested addition of a substrate bias [93, 128], a closer target-substrate distance during
sputtering [129], a lower deposition pressure [129], faster deposition rate [130], low energy ion bom-
bardment [131], and higher substrate temperature 61, 130] during sputtering as potential methods of
reducing the oxygen contamination and increasing the crystallinity. We have just discussed several of
these factors and highlighted those which are critical to sputter metallic TiN film for plasmonic appli-
cations, describing their effects. Based on our experiments, the most important of these is to deposit
the TiN films either at high substrate temperature and/or with an additional applied bias to the sub-
strate. By using either of these methods, the result is that the oxygen content of the film is decreased
and a more metallic film is formed. Additionally, the target should always be pre-sputtered before

deposition to remove surface oxides and the base chamber pressure should be as low as possible.
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Atomic Composition and Chemical
Bonding of TiN Thin Films via

X-ray Photoelectron Spectroscopy (XPS)

WHILE SIGNIFICANT TIME AND EFFORT during this work was concentrated on modeling the optical
behavior of these materials, preliminary studies into the associated microstructure were also performed
in an effort to better understand the potential underlying causes of the significant differences in optical

behavior. As hinted at in the previous chapter, it was determined that both the chemical composition
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of the film as well as the crystallinity had a significant impact on the optical properties.

In this chapter, x-ray photoelectron spectroscopy (XPS), a technique to measure the both the ele-
mental composition and the chemical bonding within the films will be explored with several impor-
tant results noted. Our first observation was that the overall Ti:N:O atomic ratio roughly correlated
with the optical behavior. Films exhibiting a large atomic percent oxygen overall behaved more like
dielectrics and films with less oxygen incorporation showed more metallic behavior, which is perhaps
not surprising. We also found, however, a middle regime in which the optical behavior correlated
more closely with how these oxygen impurities were bound in the film, rather than the overall impu-
rity concentration. In this chapter, first the XPS technique will be explained and then the chemical
binding and composition of our TiN films measured via XPS will be correlated with the deposition

conditions and metallic character. Finally, the oxidation of these films will be briefly discussed.

5.1  X-RAY PHOTOELECTRON SPECTROSCOPY (XPS) INTRODUCTION

XPS is a surface sensitive spectroscopy technique most commonly used to determine the chemical

composition as well as chemical bonding of components within a material.

5..1  Basic THEORY

XP spectra are obtained by irradiating a sample with incident x-rays with a particular energy hew which
is known depending on the type of x-ray source. The x-rays penetrate the material and eject core
electrons which have binding energy (Ep < hw). The electrons which escape the material are collected

and their number as well as kinetic energy of outgoing electrons (E,- ;) is measured.

Ee-oue = fiw — Epg — q)spe - Echarging
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If a low energy electron flood gun is used to reduce charging, the energy of these electrons must be
subtracted (Echarging) as well as the spectrometer work function @,. Both quantities are known for
a particular system and can be subtracted electronically. Therefore, the equation simplifies to the fol-

lowing (plus a constant):

EK:hO)—EB

For incident radiation with known energy Aw, by measuring the adjusted kinetic energy Ex of the
ejected electrons, the binding energy of the ejected core electrons can be easily calculated. Since each
material is defined by the energies of their core electronic transitions, this allows for the determina-
tion of chemical composition. This process is represented schematically in the energy level diagram in
Figure s.1. Smaller changes in energy can denote different types of chemical bonding for a particular

element.

000000
— @2

. Photoclectron
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1486 eV
— )—.7 1s

Figure s.1: An electron energy level diagram depicting the X-ray photoelectron spectroscopy (XPS) process
whereby incident monochromatic x-ray radiation ejects core electrons from the sample. The ejected electrons
are collected and their kinetic energy measured.

There is a finite distance from which these electrons are able to escape from a material. For this
reason, XPS is a surface technique measuring only electrons from approximately the first tonm or
less of thickness depending on the incident x-ray angle. Thinner cross sections of the surface may be
examined, for example 3 or snm, can be accomplished by exciting from a glancing angle. Measure-

ments can also be made deeper than ronm into a film by sequentially etching away the surface in-situ
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and remeasuring, however this is a destructive technique. The etching is typically done via Ar* ion
sputter-etching. The entire XPS measurement as well as etching process, if desired, is performed under

81072 mBar. [132]

vacuum, generally at pressures of 10~

One subtlety which often shows up in XP spectra is the presence of spin-orbit splitting. If the
photoelectrons being examined are from an s-orbital as shown in Figure 5.1, one peak will be shown
for each electronic transition; however, if the electrons originate from p,d, or f orbitals, then doublets
(or 2 energy peaks for each transition) will be shown due to spin-orbit coupling [132, 133]. An example
of doublet peaks is seen in TiN XP data in which the Tiz2p spectra splits into the Tizp,/, and Ti2p,/,
states. An example using reference TiN Ti2p data is shown in Figure 5.2.

A second subtlety which sometimes can be seen in spectra is the presence of “shake-up” lines. These
peaks are a type of so-called “satellite” peak which will appear a few €V higher in binding energy than

the main peak. They are due to electrons which instead of relaxing fully to their ground states, remain

in excited states with energy a few eV higher than the ground state. This results in electrons which have
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Figure 5.2: XPS Ti,, reference data for TiO,, and TiN films. Blue data points represent XP spectra. Open
blue circles represent Ti2p,/, and Ti2p, /, doublet peak fits representing Ti-N bonding. Green lines represent
TiN shake-up satellite doublet. Data adapted from [133]
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slightly lower measured kinetic energies and therefore higher binding energies, leading to the second
smaller peaks. Shake-up satellite peaks are routinely seen in TiN Tizp XP spectra. An example of a

doublet of these satellite peaks is also shown in Figure s.2.

5.1.2  EXPERIMENTAL SETUP

Titanium nitride (TiNy) is known to be stable in stoichiometries ranging from 0.6 < x < 1.1 [s8] and
variations in the stoichiometry have been shown to have an effect on the structural [61, 126, 134
137], electrical [63-67], and therefore, most importantly here, optical behavior [26, 100, 110, 138-141].
Therefore, XPS was one of the first measurements done to determine the relative chemical composi-
tions of the resulting sputtered TiN and TiONy thin films.

A Thermo Scientific K-Alpha system was used in the Center for Nanoscale Systems (CNS) at Har-
vard University. The x-ray source is an Al anode, producing Ka radiation which has an energy of
1486.6 ¢V and a line width of 0.85 €V [132]. Survey data was sampled from binding energies of -10 to
1350 €V in 1.000 €V energy steps and with a pass energy of 200eV with a dwell time of roms. Atomic
percents were calculated from fitting the peaks of this survey data. An example of a typical survey
spectra for TiN is shown in Figure 5.3. Select elemental binding data (Tizp, Nis, Ors, Crs, Arz2p, Sizp)
with higher resolution than the survey scans was taken using a soeV pass energy, soms dwell time, and
0.100 €V energy steps. An example of a higher resolution Ti2p spectra was already shown for TiN in
Figure 5.2. The available spot size range was 30-400um however the largest spot size of 400um was
chosen for these studies. A low energy electron flood gun was used at all times to limit charging which
causes shifts in the XP spectra. A tilt stage was available for angle-resolved measurements. A single
Ar jon source was used for depth profiling with sputter-etching done using ions with 1000V energy

and “high” current in steps of 20seconds unless otherwise noted.
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Figure 5.3: XPS survey reference spectra for TiN reference film. Peaks corresponding to Ors, Tiap, and Nis
binding energies are labeled. Sample: TiN23

5.1.3 DEPTH PROFILE SPUTTERING RATE DETERMINATION

Different materials are sputter-etched by ArT jonsatdifferent rates. A TiOxNy thin film was measured
at the surface then Ar™ ion beam etched with an energy of 10006V in 20 second steps until the Si
substrate was reached to determine the approximate rate. Survey spectra were taken over a total of 42
levels (41 etch steps of 20 sec each). The atomic percent of Ti, N, O, C, Ar, and Si was calculated using
the survey data after each etch step and the designated XPS peaks using the Avantage software and
library sensitivity factors. The results are plotted in Figure 5.4. The film had a nominal thickness via
SE models of 34nm. The etch time to reach the Si substrate (= 700 sec) was used to calculate an etch

rate of 0.04 -0.05 nm/sec and the etch time (sec) was converted to an approximate etch depth (nm).

5.2 CORRELATION OF DEPOSITION CONDITIONS WITH CHEMICAL COMPOSITION AND

BoNDING

In the example plotted in Figure 5.4, the film was determined to be only “moderately metallic” by SE

optical modeling and as seen via XPS measurements, this film contained ~ 20-30% oxygen. We ob-
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Figure 5.4: A TiO4N, thin film was depth profiled through to the substrate measuring the atomic makeup
throughout via XPS measurements. The approximate etch rate was 0.osnm/sec. Sample: TiNar Si4

served as a general rule that the overall Ti:N:O ratio roughly correlated with the optical behavior in
a broad sense; for example, films with > 25 - 30 atomic percent oxygen overall behaved more like di-
electrics and films with < 10 - 15 atomic % oxygen in general showed quite metallic behavior. In short,
oxygen incorporation critically affected the films’ resulting properties. In the middle regime however,
when films contained near 15-20 at% oxygen, the optical behavior correlated more closely with how
these oxygen impurities were bound in the film, rather than the overall impurity concentration. In
this section, I will discuss these trends in further detail as well as the method for analyzing the chemical
bonding within these films beyond simple elemental analysis. The discussion of the origin of this un-

intentionally incorporated oxygen as well as methods to reduce it will follow to conclude the chapter.

5.2.1 DEPENDENCE OF METALLIC CHARACTER ON OXYGEN CONTENT

Recall the optical behavior of the TiN films discussed in Section 4.4.2 which were simultaneously
deposited at 600°C via reactive sputtering onto three different substrates. The optical data is plotted

again below for reference in Figure s.s.
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Figure s.5: Real permittivity of TiN films reactively sputtered onto different substrates at 600°C and cor-
responding Ti:N ratio and Atomic % oxygen after removal of surface oxide as measured via XPS. This data
corresponds to that plotted in Figure 5.6. Samples: TiN23 on Si, Sapphire, and MgO substrates

XP spectra were taken at the surface of each of these films and in the bulk of the film after a 20
second, 1000eV Ar™ ion etch to remove the thin (* inm) surface oxide. The measured chemical com-
position both at the surface and within the film after the native oxide is removed are plotted for these
three TiN/TiOxNy films in Figure 5.6. The first thing to notice is that all films exhibit a high oxygen
presence when the scan region includes the surface (top row). The surface scans measured atomic %
oxygen from 26-32%. A large percentage of this is due to the thin TiO, surface oxide which is known
to form on TiN under ambient [s0, 136, 142-144]. There is also a large carbon contamination at the
surface, from 12-18%. This contamination is likely higher on the sample sputtered on MgO due to
additional handling and testing of this sample as compared to the others.

After removal of the surface oxide, the elemental makeup of the film remains fairly constant through-
out the depth of the film and the relative percentages of elements within in each film can be easily
compared. Therefore, the most important takeaway from Figure 5.6 is the difference in the relative
Ti:N:O ratios of the films after removal of the oxide layer (bottom row). The film on MgO which

exhibits the most metallic electrical and optical behavior has a Ti:N ratio which is close to stoichio-
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Figure 5.6: Measured chemical composition (atomic %) via XPS at surface and after Ar™ sputter etch of sur-
face. Samples: TiN23 on Si, Sapphire, and MgO substrates

metric within the film bulk (1: 0.93) and has only 17.5 at% oxygen. The more “moderately metallic”

film on silicon is more nitrogen-deficient with a Ti:N ratio of only 1: 0.85 and higher oxygen content

at 21.7 at%. Finally, the TiOxNy film on sapphire which has an ¢, which only dips a small amount

below zero and therefore may be considered only “slightly metallic” has a Ti:N ratio of 1: 0.78 and a

significant amount of oxygen still within the bulk film at 25.4at%. The TiN film sputtered onto the

highly lattice-matched substrate (MgO) showed a significantly lower atomic % oxygen suggesting that

the substrate may serve as a template for film growth as will be discussed further in Chapter 6.

In general this trend seemed to hold over the initial range of films deposited. Films behaved more

like dielectrics or metals depending on the % oxygen incorporation in the film. Films with >30 at%
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oxygen behaved as dielectrics. From about 20-30 at% oxygen the films were more moderately metallic
and when the oxygen content was <15-20% films in general were conductive. However, in the metallic
cases, the way in which the nitrogen was bound within the film and also the crystallinity of the film
also became important.

As an example of a case when this trend is not explicitly followed, the atomic % was determined by
XPS survey data for films deposited at 600°C onto MgO substrates over a range of different gas com-
positions (specified as a ratio of Ar:N, sccm). Since the substrate is lattice-matched well to the growing
TiN films and the depositions are all done at 600°C, all films are at least moderately metallic, putting
them into the range where not only the Ti:N:O ratio is important to determining the final optical
constants but also the chemical bonding. The corresponding optical SE models for these samples are

plotted again for reference in Figure 5.7. The elemental composition of each sample was calculated via

50
40! 600°C, MgO substrates //
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30| 47
8:12 +Y
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-40 | 2t
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Figure s.7: Permittivity of TiN sputtered on MgO over wide range of gas compositions determined via SE.
Samples: TiN22, TiN23, TiN27, TiN29 on MgO substrates

XPS depth profile using the atomic survey measurements. The results are displayed in Figure 5.8 after
removal of the surface oxide in order of increasing metallic character as determined by the SE optical
models. The sputtering gas ratios are displayed on the figure in the format Ar:N, sccm.

As was done in the previous section, the atomic percent values are calculated from the Tizp, Ots,
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Figure 5.8: Atomic % via XPS after 40s Ar sputter etch of surface on TiN sputtered on MgO over wide
range of gas compositions

and Nis peaks and the Ti:N ratios are compared to see how close to stoichiometric the films are. The
values for Crs and Arap are small away from the surface, ranging from only 0.7 - 2.6% in these scans
and are thus not included. The results are shown in Table s.1. In accordance with our previous obser-
vations, it would be expected, based on stoichiometry and oxygen %, that the film deposited at 12:8
Ar:N, sccm would be most metallic followed by the film deposited at 8:12 sccm, 12:4 sccm, and that
finally the film sputtered at 40:0 sccm (or the non-reactively sputtered film) would be the least metal-

lic. Upon examination of the SE data however, it can be clearly seen that this data does not follow that

trend.

Deposition Conditions (Ar:N, sccm)

Least | —> Most Metallic

812 40:0 12:4 12:8

Ti:N ratio | 1:0.86 | 1:0.61 | 1:0.74 1:0.93

Ti 40.9% | 41.5% | 41.4% 42.1%

N 35.3% | 25.5% | 30.6% 38.0%

@) 20.2% | 30.7% | 25.3% 17.1%

Table 5.1: XPS Ti:N ratio and atomic % oxygen for Metallic TiN corresponding to the samples in Figures 5.7
and 5.8 after 40s Ar™ ion etching to sputter away surface oxide.
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While the trend did hold for all of our initial films which had relatively high oxygen content and
were mainly dielectric to only slightly metallic in nature as compared to significantly more metallic
films, as this example shows, the oxygen content alone does not describe the optical bebavior of all TIN
and TiOx N, films. Earlier in this section, the trend was described in detail for a set of films which were
reactively sputtered simultaneously onto different substrates. It may be expected that something dif-
ferent could be happening for films which are sputtered non-reactively rather than reactively sputtered,
so that disagreement is not as surprising, but in the case of the film sputtered at 12:4 sccm there is also
disagreement, so there also seems to be something else going on. Therefore, we tried to understand
what was controlling the optical behavior of these films in this intermediate range by looking at the

chemical bonding in further detail.

5.2.2 EFFECT OF CHEMICAL BONDING ON METALLIC CHARACTER

As it turns out, the Ti:N:O ratio can indeed give an indicator as to whether a film is expected to be
quite dielectric or somewhat metallic, however the way in which the nitrogen is bound within the
film and also the crystallinity of the film become quite important within this moderately metallic to
metallic range. Therefore, next I will focus on the different chemical bonding possible within a TiN or
TiO4Ny film with a specific focus on the N-bonding and how it affects the resulting optical properties
of the films.

As discussed, the XPS survey scans are quite useful in determining the overall elemental composi-
tion of a material; however, the true power of this measurement technique lies in its ability to difter-
entiate between small shifts in electron binding energy designating different types of chemical binding
within a material. To see how elements are bound within a film, higher resolution scans are needed.
There are 3 main components in TiOx Ny, films and therefore the high resolution data focused on are
the Tiap, Ors, and Nis spectra. Cis spectra is also included for reference. Examples of typical scans

for metallic TiN films are shown in Figure s.9. The blue lines show measured binding energies at the
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surface of an as-sputtered film. The surface is then sputter-etched with 1000eV Ar™ ions to remove the
surface native oxide and adventitious carbon contamination. The resulting measured binding energies

of the film underneath are shown in orange.
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Figure 5.9: XPS high resolution reference scans of TiN thin films at the surface and after an Ar™ etch removal
of the surface oxide. — at surface vs. — within film after Ar™ etch. Samples: TiN27 and TiN37 MgO

Several of the peaks in these high resolution scans have been roughly labeled to correspond to
known chemical binding energies. There is often only a few €V or less difference between the peaks.
Therefore, even at higher resolutions it can be hard to differentiate multiple overlapping peaks. Asan
example, examine the Ti2p scan which is a combination of at least four closely spaced Ti2p,/, peaks
between about 454 and 459¢V: TiN, TiOxNy, TiO,, and shake-up satellite peaks as described in Sec-

tion s.1.1. In fact the shake-up satellite due to the TiN is so close in energy to the peak for Ti bound
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as TiO, that it is quite difficult to separate the two. Note that these individual peaks are not shown
for clarity but that vertical dashed lines delineate their approximate center energies. In addition, since
this is a p-orbital, peak-splitting occurs and the same peaks will be repeated at higher energies but with
reduced peak areas (Ti2p,/, doublet near 460-465€V). Thus, just as with SE modeling of optical data,
meticulous care must be taken when fitting XPS data to model the data as best as possible.

Charging of the surface is one issue which may arise when fitting peaks to XP spectra, especially
with the films that are more dielectric in behavior. Charging can shift the binding energy scale of the
set of measured peaks. Therefore, itisimportant to have a method of calibrating the measured peaks to
match standard values. A typical method is to use the adventitious Cis peak on the sample surface as a
reference with a standard value at 284.8€V [145]. For TiN and TiOxNy films, an additional commonly
used reference is to the well-known TiO, peak at 485.5 €V [135, 146-148]. The data can either be shifted
in post-processing or if a low energy electron flood gun is present on the system, it may be possible
to shift the data prior to the measurements by adjusting the flood gun beam energy. All data should
be shifted by the same amount in a consistent manner. An exception is if ion sputter-etching is being
used to depth profile through the material. In this case, the charge shift may need to be adjusted layer
by layer.

Next, the chemical bonding is examined for the four TiN films studied in the previous section in an
effort to determine why they do not seem to follow the trend of films with Ti:N stoichiometry closest
to 1:1 and the lowest oxygen content being the most metallic. The permittivity was previously plotted
in Figure 5.7. These films labeled in the order of least to most metallic as determined via SE data are

those with sputtering gas ratio: 8:12, 40:0, 12:4 and 12:8 Ar:N, sccm.
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Tr2p

First, the Tizp scans (= 450-470€V) are compared. Titanium has many possible oxidation states from
0 to +4, ranging from titanium in Ti metal having an oxidation state of o with the main Tizp,, peak
near 454€V [100, 133, 149] to that in TiO, with an oxidation state of +4 and Ti2p,/, peak near 458-
96V [100, 133, 135, 144]. Between these values, many additional compounds containing the elements
Ti, N and O have also been measured including Ti attributed to being bound in: TiN from 454.2-
456 €V [133, 144, 149], TiO at 455.3¢V[135, 149], TiOxNy at 456.2¢V[100] and Ti,0; at 457.1eV[135].
Previous literature also attributed peaks in this region more generally to “intermediate” composition
material after the subtraction of the expected TiO, and TiN peaks[144]. This wide range of available
oxidation states, overlapping binding energies, and disagreement as to the exact energy of some of
these transitions means that the peak fitting can be incredibly difficult in oxynitride films. Therefore
to begin with, rather than fitting each peak individually, the general relatives shapes of these curves

were evaluated qualitatively.
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Figure s.10: XPS high resolution reference Tizp scans of TiN films deposited at 600°C with varied Ar:N,
ratios

As shown in Figure .10, XPS performed at the surface of the sputtered film (left) shows a dominant
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peak due to TiO, near 458-459¢V in all four films due to the native oxide layer. There is however still
a noticeable difference in the shapes of the peaks prior to sputtering. The most metallic film (12:8,
orange) shows a lower intensity TiO, peak and higher TiN peak relative to the less metallic samples.
In addition the non-reactively sputtered film (green) shows a quite significantly lower TiN peak. The
least metallic film (8:12, dark blue) has a significantly increased signal in the region between the TiN and
TiO, peaks which we attribute to a larger oxynitride content. Therefore, based only on this qualitative
analysis of the Tizp data, some suggestions begin to clearly emerge. In general, films which are more
metallic seem to exhibita higher Ti-N peak as compared to Ti-O, or Ti-OxNy binding. The differences
are harder to see after sputter removal of the surface oxide in which case the spectra look quite similar,

dominated by the TiN peak near 454-455¢V and associated satellite near 458eV.

O1s

Next, the oxygen binding energies are analyzed qualitatively from about 525-540€V across the four
same films. At the surface (Figure s.11, left side), the data in general shows decreased intensity in both
the lower energy TiO, peak and the higher energy oxynitride shoulder as the metallic character of the
film increases. After sputter-etching to remove the surface oxide (right-side of figure), the contribu-
tion from the TiO, peak has decreased significantly and the spectra are dominated by the oxynitride
shoulder with the most metallic film (12:8, orange) having the smallest remaining peaks. Interesting
to note in this figure is that for the second most metallic film, as determined via SE (12:4, light blue)
seems to still have a quite intense peak near s30-531€V. This agrees with the XPS survey data shown in
Figure 5.8 which showed a higher % of oxygen within this film (25.3%) as compared to the more metal-
lic (8:12, dark blue) film which had only 20.2% oxygen content. The binding energy of TiO which
is also conductive is not documented in the literature so it is possible that part of this peak is due to
oxygen bound in this way, leading to the more than expected metallic nature in this particular film

based solely on the atomic composition; however, this discrepancy will next be explored further upon
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examination of the N-bonding.
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Figure s.1:: XPS high resolution reference Ois scans of TiN films deposited at 600°C with varied Ar:N, ratios

Nis

Finally, how the nitrogen was bound within the same four films was analyzed qualitatively from about
394-402€V. The data are plotted in Figure s.12. In the literature, N-Ti has primarily been pinpointed
near 396-397¢V [100, 143, 144, 149] with metal nitrides in general being observed near 397¢V as a rule
of thumb [133]. We attribute the main peaks in our data near 397.3eV to N-Ti. There has commonly
been a shoulder observed atlower energy compared to the N-Ti peak as is seen here, though the origin
of this peak has not been determined [144]. It was however observed after oxidation was performed
[144] and in another case, attributed to oxynitrides [100]. Based on the optical and electrical behavior
as well as on the overall atomic make-up of these films, in our films we also attribute the low energy
should to oxynitrides. Finally, there is a broad peak which appears at high energies (>398¢V). High
energy peaks have also been previously noted in several works with attribution to chemisorbed and
adsorbed N, [100] but also potentially to a satellite feature [133].

Qualitative examination of the relative shapes and intensities of the N1s peaks sheds some lighton a

potential factor which significantly influences the optical behavior of these films. In short, it suggests
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Figure s.12: XPS high resolution reference Nis scans of TiN films deposited at 6oo°C with varied Ar:N, ratios

that films which have more N bound to TiN rather then in oxynitride form exhibit more metallic
behavior. First, examining the left-hand side of the figure it can be seen that the most metallic film
(orange) has an overall asymmetric shape tilted towards higher binding energy, with contributions
from a large TiN peak and a smaller oxynitride shoulder at lower energies. The least metallic film on
the other hand (dark blue) stands relatively upright with higher oxynitride contributions. After Art
sputter-etching to remove the native oxide (right side of figure), the nonreactive film (green) is clearly
dominated by oxynitride rather than TiN behavior, explaining its comparative less metallic behavior.
The other less metallic film (8:12 - dark blue) is also shifted slightly to lower energies compared to the
more metallic films (12:8 - orange and 12:4 - light blue) though this distinction is not as clear. The
quantitative fits for these peaks reveal further detail which will be discussed next.

Just as with modeling and fitting of SE data, peak fitting of XP data is not always a straight-forward
process. The most metallic (12:8 - orange) and least metallic (8:12 - dark blue) of these films were chosen
as an example to demonstrate the fitting procedure while highlighting the differences clearly. The data

is plotted again for these two films in Figure 5.13. The small dots signify the measured data points; the
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Figure s5.13: Example of Peak Fit Models for XPS high resolution reference Nis scans of TiN films. Samples:
TiNa22, TiN23 on MgO

thinner, lower intensity dashed lines (blue) and solid lines (orange) designate the 3-4 smaller peaks
needed to fit the data; and finally, the thicker solid lines which follow along the data are the sum of the
3-4 fit lower intensity fit peaks.

Literature has reported the use of asymmetric peaks to fit N-Ti XPS data [144]; however, it was
found that using symmetric peaks gave more consistent fits. In this case, symmetric peaks were there-
fore used to fit the Nis data. The best fits were determined by consistency across the depth profile and
conformity with expected values as well as by minimization of the normalized x? value and optimiza-
tion of the Abbe criterion values as close to 1.0 as possible. The Powell fitting algorithm and built in
“Smart” background, a modified version of the Shirley background subtraction [145] were used. The
peaks were each constrained within a 0.2¢V range and had a fixed Lorentzian/Gauss (L/G) product
mix ratio of 50%. The fitting procedure was performed using the Thermo Avantage software vs.943.
The data and associated fits for the other two films not shown in the simplified example, Figure 5.13
are now added in and all data and the corresponding peak fits are plotted together in Figure s.14. The
associated optical data is again plotted for reference.

Clearly, this figure is quite complex, but in fact it is fairly simple in comparison to the Ti2p and Ois
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Figure s.14: XPS high resolution reference Nis scans of TiN films including peak fits to describe N-bonding
after Ar™ sputter-etch. Corresponding data in Table 5.2

peak-fitted spectra. Even though it is complex, there are still several important things of which to take
note. First, the models all include an N-Ti component close to 397.3¢V. The center energy location is
denoted by a vertical dashed line. This is at a slightly higher energy than the reported literature values
closer to 397eV however is within an acceptable range. The intensity of this peak can be seen to vary
with the more metallic films having more intense peaks. A second peak which we contribute to N-
Ti-O binding is located near 396.8¢V and corresponds well to the values suggested in the literature.
These peaks are in general of higher intensity for less metallic films. Finally, only one of the films has
a fourth peak and this is the non-reactively sputtered film with a small second oxynitride peak near
3966V. Peaks are seen at this energy on all films during the surface scan and thus, we have attributed
this peak to a different form of oxynitride perhaps bound to TiO,. Since the non-reactive film exhibits
ahigher TiO, percentage as shown in the O1s and Tizp scans, this explanation is consistent. The basic
peak fit parameters corresponding to the data plotted in this figure are shown in Table s5.2. The final

column displays the atomic percent of each type of N-binding in each film as calculated using the area
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under the curves. The data verifies the visual inspection, confirming that the most metallic films (12:8,

orange and 12:4, light blue) have the higher amount of N-Ti as compared to N-Ti-O binding.

Depth Level Peak FWHM | Atomic
BE (eV) %

TiN22 — 397.30

8:12 (Ar:N2) 396.80

model 2

X2=0.38

Table s.2: XPS high resolution reference Nis scans of TiN films deposited at 600°C with varied Ar:N, ratios
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5.2.3 EFFECT OF SUBSTRATE B1As oN OXYGEN CONTENT AND NITROGEN BONDING

If you recall from the previous chapter, by applying an additional substrate bias while sputtering,
metallic TiN films were able to be sputtered onto a wide range of substrates at room temperature.
Films which were sputtered with a bias were routinely measured via XPS to have oxygen contents of 1o-
12% and as low as 8%. This suggests that the bias either allows for preferential desorption of the oxygen
incorporated during the sputtering process or that it creates more dense (less porous) films which
leads to less oxidation through diffusion after the films are removed from vacuum. This observation
is confirmed by previous studies [134].

The least and most metallic films studied in the previous section (at 600°C onto MgO at 8:12 and
12:8 scem Ar:N, respectively) are next compared to a film sputtered at room temperature onto MgO
but with an applied substrate bias of approximately 100V. The permittivity data for the three films
which are compared is highlighted again for reference in Figure s.15 and the chemical composition is
compared in Table s5.3. Note that the most metallic film, deposited with the 100V bias had not only a
lower percentage of oxygen at only 11.6%, but also an almost stoichiometric Ti:N composition, better

than even the most metallic film sputtered onto Mgo at 600°C with 12:8 ArN, ratio.

20 50
— 600°C, 8:12 Ar:N,
0 40 —— 600°C, 12:8
— 20°C + 100V, 12:4
-20 30
€1 €
-40 20
High Temp. vs.
-60 RT + Bias 10
-80 0
500 1000 1500 500 1000 1500
Wavelength (nm) Wavelength (nm)

Figure s.15: Permittivity reference data corresponding to XP spectra in Figure 5.16. Sample: — TiN22 MgO,
—TiN23 MgO, — TiN44 MgO
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Deposition Conditions
Intermediate | High Temp Metallic | Low Temp + Bias Metallic
600°C, 600°C, 20°C,
8:12 12:8 12:4 + 100V

Ti:N ratio 1:0.86 1:0.93 1:0.98
Ti 41.4% 42.1% 43.8%

N 35.5% 39.3% 43.0%

O 21.1% 17.5% 11.6%

Table 5.3: XPS Ti:N ratio and atomic % Oxygen for Metallic TiN corresponding to the samples in Figures s.15
and s.16.

This relationship can be further quantified by examining the nitrogen bonding within these films
as shown in Figure 5.16. The top two figures include the same data from Figure 5.13 but offset for
clarity. As shown in the previous analysis, the film in which more N is bonded in oxynitride form
(black curve) is less optically metallic than the film dominated by N-Ti bonding in the Nis scan (blue
curve). In this figure, the difference is even more dramatic upon inspection of the film sputtered with
additional substrate bias (red curve). The low binding energy shoulder due to the oxynitrides is far
smaller in this case and the N-Ti peak is clearly dominant. The data corresponding to this figure is
compiled in Table 5.4. Note also that the sample with applied bias exhibits lower optical losses.

To show that the hypothesis proposed in the previous section that the N-binding correlates closely
with the metallic character applies over a broad range of samples, the optical properties of a set of
samples sputtered again at different Ar:N, ratios, but now at room temperature and with an applied
substrate bias were also measured. The N-binding within these films was as before compared to the
relative metallic character as measured by SE. The SE models of the permittivity for these films are
shown in Figure 5.17.

The peak fitting data and corresponding atomic percentages of N-binding in TiN versus in oxyni-
tride form are displayed in Table 5.5. Justas in the previous case with the films sputtered at 600°C, the

less metallic films have more N bound in oxynitride form whereas the more metallic films have more N
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Figure 5.16: XPS Ny, data for “moderately metallic” film vs. highly metalllic films deposited at high tempera-
ture and at room temperature with bias. Sample: TiN23 MgO, TiN [127]

At surface Within film
Energy | Intermed. | Metallic Metallic Intermed. | Metallic Metallic
Peak (eV) 600°C 600°C | 20°C+100V | 600°C 600°C | 20°C+100V
N-Ti 397.4 5.7% 24.6% 34.2% 14.5% 39.2% 46.8%
N-Ti-O | 396.8 45.0% 31.3% 25.7% 58.0% 35.1% 24.7%
N-Ti-O | 396.0 23.6% 14.3% 9.2% - - -

Table 5.4: XPS atomic %Nis bonding data corresponding to Figure 5.16.

bound in TiN form. Also of note is the fact that the non-reactively sputtered film (green) does follow

the trend but not quite as closely. This was also the case in the earlier high temperature study. The

microstructure of non-reactively versus reactively sputtered films will be further compared in the next

chapter to potentially explain these subtle differences using additional techniques including scanning

transmission electron microscopy (STEM) and x-ray diffraction studies (XRD).
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Figure s.17: Ellipsometry reference data for TiN films deposited at 20°C plus 100V bias, varied Ar:N, ratio

Depth Level Peak
BE

8:12 (Ar:N2 .
1202 [ 1 [ 030
N—Fi—0O | 39589

X2=1.03
Abbe = 0.94

Table s5.5: XPS high resolution reference Nis scans of TiN films deposited at 20°C plus 100V substrate bias
with varied Ar:N, ratios
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5.3 OXIDATION OF TIN THIN FILMS

Throughout this chapter, we have shown that both the overall atomic % oxygen as well as the ratio of
nitrogen bound as TiN versus in oxynitride form have shown significant correlation with the optical
properties. The main questions which remain at this point are: why is there such a significant amount
of oxygen unintentionally incorporated into these films and where does it come from? The depth
profile used to determine the approximate etch rate in Section s.1.3also shows the relative homogeneity
of the film with the exception of a thin native oxide and adventitious carbon contamination at the

surface. The figure is displayed here again for reference. TiN is thermodynamically stable however

Etch Time (sec)

200 400 600 800
100 . : : :
| ——Ti2p ——Cls
80 ——Nis — Ar2p
Ols Si2p
60

Atomic %

: m\

0 10 20 30 40
Etch Depth (nm)

Figure 5.18: A TiOxNy thin film was depth profiled through to the substrate measuring the atomic makeup
throughout via XPS measurements. The presence of a surface oxide is noted as well as oxygen content which
is decreasing deeper into the film. Sample: TiNzx Si4

when exposed to air will oxidize since the reaction TiN + O, —>TiO, +1/2 N, is energetically favorable
with AG® = -139 kcal/mol [144]. Therefore, a thin native oxide layer as seen in the figure is expected

at the film surface and has been confirmed in prior studies [50, 136, 142—144]. However, the thickness
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of this surface oxide is less than nm and seems to be self-limiting and therefore does not explain the
oxygen incorporated throughout the bulk of the film.

In Figure 5.18, it is also clear that the oxygen content is slowly decreasing from close to 30% at the
top of the film (etch depth = onm) down to 18% near the silicon substrate. Over this same distance
the titanjum content is remaining stable near 41-43% and the nitrogen content is slowly increasing
from 30 to 35%. One concern may be that the film is being significantly altered during the sputtering
process, perhaps with preferential sputtering of oxygen as compared to nitrogen, increasing the N,%
and decreasing the O, % overall. Unfortunately, there is not agreement as to whether this is true or
not. It has been shown the Ar™ sputtering does not seriously alter the oxidation state of TiN films
[149] but the possibility of preferential sputtering, chemical reduction, or atomic mixing due to the
ion bombardment has also been suggested [143].

There are two main methods via which oxygen could contaminate the bulk of TiN films. First,
it is possible that the oxygen is incorporated directly during film growth, either in the form of sub-
stitutional impurities for N in the Ti-N lattice, or in oxynitride form. In this case, the oxygen could
come either from the introduced gases (Ar and N,) or from remaining water vapor, CO,, etc. in the
chamber since the deposition rate is quite slow. The second possibility is that oxygen diffuses through
the lattice after deposition upon removal from the sputtering chamber. There has been previous evi-
dence that films sputtered at room temperature exhibited lower densities and higher resistivities due
to a porous structure [123]. In this case, it might be expected that these porous structures allowed for
easier oxygen diffusion and incorporation resulting in the large measured oxygen percentages.

In addition, epitaxially grown films have shown increased oxidation resistance as compared to poly-
crystalline films [150]. One possible explanation is that in nanocrystalline films, diffusion of oxygen
along grain boundaries could form oxynitrides between grains. We do not have the capability to do
structural measurement in-situ before removing the samples to atmosphere however, based on the

measurements described throughout this chapter, we believe that both cases play some role in increas-
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ing the oxygen content and modifying the optical properties of our films.

5.4 UsING Si;N, As OXIDATION RESISTANT CAPPING LAYER

In an additional effort to determine if oxygen is mainly incorporated during growth or if it diffuses
through from the surface a Si;N,, capping layer was tested due to it also being a high melting temper-
ature nitride [53]. Assuming that the sputter rate for Si;N, is similar to that for TiOxNy calculated in
Section 5.1.3, then approximately inm will be etched in 20 sec. Therefore, after 200 sec approximately
ronm has been removed. The expected thickness of the Si;N, capping layer based on the sputtering
rate is about snm (5 min deposition time). The substrate was another Si;N, film which had been

previously sputtered onto a Si substrate as shown in Figure 5.19.

S1;N, cap layer ( ~5nm)

/

TIN  (~30-50nm)

St substrate

Figure 5.19: Schematic of TiN film sputtered with onto Si;N, with Si;N, cap. A full XPS depth profile was
performed on this sample as shown in Figure 5.20. Sample: TiN35 SiNx on Si

An XPS depth profile was performed on this sample starting at the surface of the Si;N, capping
layer, fully through the TiN film and into the top of the Si;N, substrate layer. The measured chemical
composition (atomic %) throughout the film is plotted as a function of the etch time in seconds in Fig-
ure 5.20. The corresponding data is shown in Table 5.6. Since the Si;N, capping layer film is expected
to be about snm thick, if the etch rate is similar to that of the TiN at about o.o5nm/sec, it should be

fully etched away after 100 seconds, but this is not the case. There is still a significant Sizp peak until
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about 200sec, therefore either the Si diffuses into the top snm of the TiN film while sputtering or the

etch rate of the Si;N, is significantly slower than expected.

50
40
30
Atomic % | Ols Si2p
20 / 1
10 1
0 — b e N
0 200 400 600 800
Etch Depth (sec)

Figure s.20: Depth profile of TiN film sputtered with bias and Si;N, cap. Sample:TiN3s SiNx on Si

Etch Time (s) o 20 40 6o 120 180 240 300
Tizp 10.3% | 22.1% | 29.8% | 34.3% | 39.5% | 42.9% | 43.3% | 43.6%
Nis 29.9% | 42.3% | 42.9% | 42.9% | 42.2% | 43.1% | 43.3% | 43.7%
Oa1s 24.1% | 103% | 1IL.1% | 10.7% | 9.2% 92% | 9.2% | 9.4%
Arp 1.7% 1.7% 1.8% 1.8% 1.9% 1.8% 1.8% 1.5%
Cis 71% | 0.9% | 0.6% | 0.6% | 0.9% | 0.6% | 13% | 0.7%
Si2p 26.8% | 22.8% | 13.8% | 9.7% | 63% | 2.5% | 1L1% 1.2%

Table 5.6: Atomic % via XPS Depth Profile for TiN sputtered with Si;N, cap. This data corresponds to that

plotted in Figure 5.20.

More importantly however, once the capping layer is fully removed, the oxygen content seems to
stabilize unlike the earlier case with the oxynitride depth-profiled film which decreased from about
30% at the surface to 18% about 3onm in. Once the silicon is gone within the bulk of the capped film

(about 15-40nm etch depth and 300-800 seconds etch time) as can be seen in Figure 5.20, the oxygen

17



concentration is the lowest at about 7-9%. Within measurement error, the film is stoichiometric with
a measured Ti:N ratio of r:1. Therefore, based on on the first depth profile of the oxynitride film,
we conclude that in dielectric films which are expected to be porous some diffusion occurs from the
surface into the film bulk, but that there is also some constant level of oxygen incorporation into
the films during the sputtering process itself (under these conditions, for example, approximately 7-
8 at%). This experiment does also suggest the possibility of using a thin layer of Si;N, to prevent
oxygen diffusion into the film bulk for any application where a native titanium dioxide surface layer
is undesirable.

As a sidenote, this experiment also verified that even under vacuum, the time for a monolayer of
native oxide to deposit on the surface of a TiN film is very fast. The data from the previous figure was
slightly modified from the raw data. In the raw data, there are vertical jumps at four specific etch times

(60,300, 360, and 820 seconds) where the measurements were repeated. See Figure 5.21. In the actual

50 ; . .

40

30
Atomic %

20 |/

10

0 200 400 600 800
Etch Depth (sec)

Figure s5.21: Depth profile of TiN film sputtered with bias and Si;N, cap. Oxidation shown by small O1s peak
increases at repeated etch depths. Sample: TiN3s SiNx on Si

experiment, high resolution measurements were taken at certain points and near the interfaces the
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time steps were also shortened. Each change to the scan parameters required that a scan was repeated
at the same etch depth, but after a finite amount of time (should be after only about one minute or
less). The repeated scans were at the same etch depth but after a short time. In each case, they show up
as sharp jumps in the depth profile data. In the previous figure (Figure 5.20) the first scan of each new
section was removed. Upon closer inspection, it can be noted that in each case the atomic % oxygen
increased by about 1-3% in the repeated scan. This signifies that oxidation occurred on the freshly

sputtered surface during that short time, even under the high vacuum of the sputtering chamber.
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Micro- and Nanostructural Properties of

TiN Thin Films

THE MICROSTRUCTURE OF A FILM can vary drastically as described by the Thornton and Anders
models in Chapter 2. While it has been determined that a large portion of the variation of the optical
behavior can indeed be described by the chemical composition and bonding within the films, prelim-
inary studies into the micro- and nanostructure of the sputtered films were also undertaken for com-
pleteness since the microstructure is known to also have a significant impact on film properties. Films

with a large variety in microstructure were sputtered during these studies, from textured epitaxial to
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nanocrystalline growth. Figure 6.1 gives an idea as to the wide variety of microstructures observed.

Labels including the deposition conditions (Ar:N, sccm ratio, deposition temperature (room temper-

12:4, R'F + bias :,-L 8’.12: 600°C

Figure 6.1: Scanning electron micrograph of several TiN and TiOxNj thin films with deposition conditions
and substrate labeled. Films are ordered from approximately least metallic to most metallic as measured via
SE. Scale bar = 1oonm. Top row (left to right): TiN44Si, TiN22 Si, TiN39 Saph. Middle row: TiN23 Si,
TiNz7 Saph, TiN37 Si. Bottom row: TiN23 MgO, TiN44 MgO, TiN37 Saph

ature or 600°C), and if a bias was added (=~ 100V)) as well the substrate onto which the TIN/TiOxNy

films were deposited have been added to the micrographs. The most metallic film grown at elevated
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temperature showed textured epitaxial growth with strongly preferred orientation (bottom left) while
the most metallic film grown at room temperature with an additional applied bias was textured with
small crystallites (bottom right). In this chapter, a variety of techniques used to examine the micro-
and nano-structure of these films will be discussed including: x-ray diffraction (XRD) as well as scan-
ning transmission electron microscopy (STEM) and standard scanning electron microscopy (SEM)

studies.

6.1 X-rRAY DIrrFrRACTION STUDIES (XRD)

XRD is a powerful material characterization technique which can be used to determine many struc-
tural material properties including: crystal orientation, lattice constant, interplanar spacing, crystallite
sizing and potentially even distortions or imperfections in the lattice [151]. One of the most common
uses is the determination of crystal orientation and lattice dimensions. A schematic is shown below.
The schematic indicates the incoming x-rays, relative to the interplanar spacing or lattice constant

within a crystal lattice.

Figure 6.2: Schematic of Bragg’s Law Diffraction off of a Crystal Lattice

In Figure 6.2, the two lines at the left denote incoming x-ray beams. The beam on the top hits an
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atom at the surface and is scattered back towards the detector. The beam on the bottom penetrates
into the material and hits an atom which is located an atomic plane deeper, or a distance d, into the
film. The extra path length, x, which this beam traveled before hitting an atom as compared to the

distance the top beam traveled can be calculated as:

x = dsin()
After scattering, the beam must again pass through the same extra distance to exit the material giving
the total path difference between beams as:
2d sin(0)
For constructive interference of these waves to occur, the path length difference must be equal to an
integer number, m, of wavelengths as shown by the Bragg equation.
m\ = 2dsin(6)

Setting m = rand solving for d gives a way to calculate the expected angles at which the x-ray diffraction
peaks will occur, given a known x-ray source wavelength and the spacing between atomic planes in a
crystal lattice. By making XRD measurements, which commonly are expressed as intensity over a
range of angles, these peaks can be detected and the data analyzed to back-out the interplanar spacings

in a crystal lattice.

6 =sin™" <j:1> (6.1)
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6.1.1 DEPENDENCE OF TIN FiLM ORIENTATION ON SUBSTRATE

Ithas been suggested that films with ‘better crystallinity” have greater metallic character with epitaxially
grown films being more metallic than polycrystalline or amorphous films [49, 130], though as we have
already shown this is not the only critical factor in determining the optical behavior of these films.
Nevertheless, the influence of the substrate on the crystal growth is not unexpected and an important
factor to consider. X-ray diffraction (XRD) studies have confirmed this strong influence of substrate
specifically on the TiN thin film microstructure, as will be seen in Figure 6.4.

As discussed in Chapter 1, TiN has a face-centered cubic (FCC) lattice with the Ti metal atoms
positioned at the FCC sites and the N atoms at the interstitial sites [59]. The (100), (110), and (1)
planes in Figure 6.3 highlight the common growth planes, where (hkl) are the Miller indices describing

the crystal directions.

(110) (111)

Figure 6.3: Crystal structure of cubic TiN highlighting (100), (110), and (111) planes, Produced using VESTA
software [52]

The d-spacing describes the closest distance between two lattice planes along a particular direction.
In a cubic lattice such as TiN, d can be easily calculated according to the following equation where a is
the lattice constant as shown in Figure 6.3 and is equal to 4.24 A for stoichiometric TiN [s1, 53]. Using

Equations (6.1) and (6.2), the expected 26 XRD diffraction peak angles for a stoichiometric TiN film
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can be calculated as shown in Table 6.1. By convention, according to the Bragg condition, 20 is used

rather than 6 since 26 is the difference in angle with respect to the incident beam.

S S e G

& @ (62)

h I | h*+k*+1* | d-spacing | 20

1|o]|o I 4.24 21.0
1|10 2, 3.00 29.8
I |1 |1 3 2.45 36.7
2|00 4 2.12 42.6
2|21|o0 8 1.50 61.9
3|11 11 1.28 74.2
2| 2 12 1.22, 78.1
4 16 1.06 93.3

Table 6.1: Calculation of XRD 28 diffraction peak angles for TiN using lattice spacing a = 4.24A and the x-ray
Cu K-alpha wavelength, A=1.5418 A

A Bruker D2 PHASER x-ray diffractometer with LYNXEYE detector was used to collect 26 data in
Continuous PSD fast scan mode from 10 - 100° in increments of 0.o01° with a collection time of 0.1 sec
per angle. The system uses Bragg-Brentano geometry. The crystalline orientations of three TiN films
which were simultaneously sputtered onto (100) MgO, (100) p-Si, and c-sapphire were studied. The
sputtering was done reactively at 600°C and with a 12:8 Ar:N, sccm ratio with no applied substrate
bias. The results of the experiment are displayed in Figure 6.4. Since there were no peaks of interest
below 30°, this data was not included for clarity.

On the MgO substrates, the only significant peaks due to the TiN lattice were in the (200) and (400)
directions signifying textured growth of the TiN film in the (100) direction, as expected. Without
high-resolution XRD (HRXRD), it is not easy to resolve the TiN and MgO peaks in this case due

to the close lattice match and spacing. On silicon substrates, single crystal epitaxial growth in the
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TiN TiN TiN TiN TiN
(111) (200) (220) (222) (400)

(100) MgO
substrate

(100) Si

substrate

(0001) ALO,
substrate

0 40 %0 60 70 0 %0 100
2-Theta (degrees)

Figure 6.4: Comparison of XRD data for reactively sputtered TiN films on MgO, Si and Sapphire substrates.
The optical properties of these three films are shown in Figures.s. Samples: TiN23

(100) direction has been shown on (100) silicon via domain matching epitaxy (DME) [124]. In our
studies, mainly TiN (200) growth was observed, however epitaxial growth was not achieved, rather,
films were polycrystalline. There also seems to be a small portion of (220) TiN in the film grown on
Si, however it is difficult to tell as the potential peak is overlapping a strong signal from the substrate.
On c-plane sapphire, the primary XRD peaks seen were the sapphire (006) peak and the TiN (11r) and
(222) peaks signifying that the TiN grows primarily in the (111) direction. See Figure 6.4. The relevant

20 diffraction angles calculated for TiN in Table 6.1 are plotted as vertical dashed lines in the figure for
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reference and the main TiN growth directions observed on each type of substrate are boxed.

Clearly, since these three films were sputtered in the same chamber simultaneously and therefore
experienced the same chamber deposition conditions, the strong preferences in growth direction must
be dependent upon the substrate. The lattice therefore can be thought of as a template for the TiN
film growth. The ideal candidate demonstrating an almost perfect lattice match with TiN is MgO.
As shown in Figure 6.5, MgO also has an FCC crystal structure with the metal Mg atoms occupying
the FCC lattice sites and the oxygen atoms occupying the interstitials. The lattice parameter defining
the size of the unit cell is a = 4.212.A which is very close to the specified values for TiN. Therefore it is
not surprising that epitaxial and even single crystalline growth have been reported for TiN on MgO
substrates [49, 126]. This relationship will be examined further via transmission electron microscopy

(TEM) measurements in the second half of this chapter.

TiN (100)
a=4.240 A

MgO (100)
a=4.212 A

Silicon, a = 5.431 A (diamond)
Sapphire, a = 4.785 A (trigonal)

Figure 6.5: Close lattice match of TiN and MgO (100), Produced using VESTA software [52]

Silicon atoms on the other hand, are arranged in a pattern which is referred to as the diamond
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crystal structure. It is a cubic lattice which can be thought of as two offset FCC lattices. The lattice
parameter is significantly larger than that of the TiN lattice with a value of a = 5.431A. This leads to a
large 30% lattice mismatch. However, if the TiN lattice constant is multiplied by 4.5 and the Si lattice
constant by 3.5, the new mismatch is 0.4%. For this reason, it was suggested and experimentally verified
that under the correct conditions a technique called domain matching epitaxy could be used to grow
TiN epitaxially on Si, including a mix of 3/4 and 4/s length Si/TiN grains [124]. This relationship
is represented schematically in Figure 6.6. While epitaxial growth of TiN on Si was not observed in
our experiments, when using (100) Si as the substrate, preferential and even highly textured growth of

(100) TiN was observed, in agreement with this model.

TiN (100)
a = 4240 A

S1 (100) (diamond) _
a=5431A

Figure 6.6: Crystal structure (100) TiN on (100) Si showing possibility of domain matching epitaxial growth,
Produced using VESTA software [52]

Finally, according to the results shown in Figure 6.4, the preferred growth direction of TiN on c-
plane sapphire is the (1) direction. Sapphire has a more complex trigonal crystal structure and thus
is harder to visualize, however a schematic representation is again shown in Figure 6.7 showing the

alignment of the preferred (11x) TiN growth plane with the interface of the sapphire substrate.
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Figure 6.7: Crystal structure (222) TiN and (ooor) Sapphire interface, Produced using VESTA software [52]
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6.1.2 XRD PEAK SHIFTS DUE TO VARIATIONS IN LATTICE CONSTANT AND

CRYSTALLITE SIZE

As shown in the section above, TiN films sputtered onto sapphire substrates prefer growth in the
(111) direction. In a later experiment, XRD measurements were taken via the same D2 PHASER sys-
tem, however this time the three films measured were all sputtered onto sapphire substrates but during
different sputtering runs and different deposition conditions. It was noted that when films were sput-
tered under different conditions (e.g. with vs. without bias, reactively vs. non-reactively), the same

growth directions still dominated as can be seen in Figure 6.8.

(111) (200) (220) (311) (222)
1500 — 600°C, R
20°C + 100V, NR

| |
i |
| ___ 20°C+100V,R |
| |
| :

1000

substrate
500 I

70 . o ‘ |
20 (Degrees)

Figure 6.8: Comparison of XRD data for TiN films sputtered under different conditions onto sapphire sub-
strates. Samples: — TiN23 Saph — TiN37 Saph — TiN44 Saph — Saph substrate. The details of the deposi-
tion conditions can be found in Appendix A.

While the crystalline structure of all three films was dominated by peaks near the expected (11r) di-
rection at 36.7° for a TiN lattice constant of a = 4.24 A as seen in Figure 6.8, there was a shift in the
data noted across the different samples. To determine the cause of the shifted peaks, the regions sur-
rounding the dominant (11r) and (222) TiN peaks were examined in further detail as seen in Figure 6.9.
Note in this figure that there are peaks near 37.5° and just above 80° which are due to the substrate.

These peaks show up in all datasets so the data does not seem to be shifted overall, just the TiN peaks.
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Figure 6.9: Comparison of XRD data for TiN films sputtered under different conditions onto sapphire sub-
strates. Samples: — TiN23 Saph - TiN37 Saph — TiN44 Saph — Saph substrate

One reason which could cause XRD diffraction peaks to shift is a larger or smaller lattice constant.
These (111) and (222) peak shifts therefore, can potentially be accounted for by assuming small varia-
tions in the lattice constant of the sputtered film. The 26 maximum peak angles from Figure 6.9 have

been used to calculate new lattice constants. First, Equation (6.1) was used to find the new d-spacing.

Deposition 2 Deposition o
CoEditions 2B | 2(A) Coiditions 20(ezs) | 2(4)
Reference 36.7 | 4.24 Reference 78.1 | 4.24
600°C,R 37.06 | 4.201 600°C,R 78.78 | 4.208
20°C +100V,R | 36.57 | 4.256 20°C +100V,R | 77.53 | 4.265
20°C +100V,NR | 35.85 | 4.338 20°C +100V,NR | 75.95 | 4.340

Table 6.2: Calculated XRD 26 diffraction peak angles for TiN with different lattice constants, a, compared to
stoichiometric spacing of a = 4.244A and using the x-ray Cu K-alpha wavelength, A=1.5418 A. The peak angles
are calculated for (hkl) = (111) - left table and (222) - right table.

Then Equation (6.2) was used to find the lattice constant corresponding to the measured 26 values.
The resulting lattice constants displayed in Table 6.2 were calculated twice for each film, using the (111)
and (222) peaks individually. The results are consistent, giving similar lattice constants using either

the (11x) or (222) peak for each film.
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In addition, the diffraction peaks are expected to broaden as the crystallite size decreases, since the
peak width, B, is inversely proportional to the crystallite size, L, according to the Debye-Scherrer equa-

tion:

Kx
Lcos(6)

B(20) =

where K = a shape factor usually near 0.9 - 1.0 (dimensionless) and A = the x-ray wavelength. [152—
155]. To determine the absolute crystallite size, broadening of the peaks due to the instrument must be
taken into account; however, since these measurements were not the focus of our work, the instrument
broadening is unknown and only relative comparisons will be made. All XRD measurements were

made using the same instrument and settings.

Deposition
CoEditions FWHMw) | FWHM o,
600°C 0.26° 0.55°
20°C + 100V, R 0.48° -
20°C + 100V, NR 0.52° -

Table 6.3: FWHM for XRD 20 diffraction peaks for TiN sputtered onto sapphire under different deposition
conditions. The FWHM is calculated for the (hkl) = (111) and (222) peaks. Two of the peaks are too broad
(several degrees) for the FWHM to be reliably measured at higher angle.

As is shown in Figure 6.9 and Table 6.3, the film exhibiting the most narrow diffraction peaks is
that which was sputtered at high temperature. The peaks for each of the reactively sputtered films
measured were significantly broader. Thus, according to the Debye-Scherrer equation, it is expected
that thelow temp. + bias sputtered films will have significantly smaller crystallites than the 600°C film
due to the inverse proportionality of the crystallite size, L, with the peak broadening, B. This means
that films with smaller crystallites will in general display broader XRD peaks (larger FWHM).

The surface of two of these films was briefly compared via scanning electron microscopy (SEM) as
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shown in Figure 6.10. The high temperature reactively sputtered film which contains a large percent
oxygen shows significant surface variation with grain sizes on the order of 1onm (left side) whereas
the highly metallic sample sputtered at room temperature with an applied substrate bias shows little
significant structural variation which is visible by SEM (right side). Since the grains are expected to
be smaller in this film, it is possible that the nanocrystallites were too difficult to resolve at the given

resolution. Therefore, this data seems to correspond well to the XRD structural measurements.

600°C, 12:8 (TiN23)

Figure 6.10: SEM top-down images of TiN film sputtered reactively at high temperature vs. non-reactively
at low temp. plus bias onto sapphire substrates. Scale bars = 1oonm. Films correspond to those measured via

XRD in Figure 6.9. Samples: — TiN23 Saph — TiN37 Saph

Via SEM inspection of the granular quality of films sputtered under many different conditions, the
non-reactively sputtered films and also the films sputtered at low temperature + bias have in general
seemed to exhibit smaller nanocrystallites than their reactively and high-temperature sputtered coun-
terparts. Therefore this result does not seem to be specific to this case study. Several examples of
non-reactively (NR) sputtered films can be seen in the earlier Figure 6.1.

As mentioned previously, it has been suggested that films with ‘better crystallinity’ have greater
metallic character with epitaxially grown films being more metallic than polycrystalline or amorphous

films [49, 130]. One may deduce from this statement that films therefore with larger crystallites may
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also be expected to have better metallic character than those with smaller nanocrystallites. If the in-
tensity and FWHM of the XRD peaks from the study above is compared to the optical properties,
interestingly, the peak which is the most intense and most narrow (orange) does not correspond to
the most metallic film in this case (yellow) as might be expected if only the grain size determined the

metallic character. See Figures 6.9 and 6.11.

20 - - - 80

— 600°C, R
0 \ 60 20°C + 100V, NR

— 20°C + 100V, R

-20

& €2 40

-40

-60 20
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Figure 6.11: Comparison of ellipsometry data for TiN films sputtered under different conditions onto sap-
phire substrates. Films correspond to those measured via XRD in Figure 6.9. Samples: — TiN23 Saph
TiN37 Saph — TiN44 Saph

In the previous chapters, I have shown that the optical properties are influenced not only by the
crystallinity but also have significant dependence on the incorporated oxygen content as well as how
the N is bound within the film. Therefore, in an attempt to explain the variation in optical properties
between these films, chemical composition measurements are made via XPS to examine the Ti:N:O
ratio and overall atomic % oxygen in these films. As can be seen in Table 6.4, there is a significant
oxygen incorporation (25.5%) in the high temperature sputtered film as compared to a low oxygen
percentage (11.8%) in the low temperature non-reactively sputtered film which also has a much closer to
stoichiometric Ti:N ratio and therefore likely more N bound as N-Ti then in oxynitride form leading

to a more metallic film. Unfortunately, XPS data is not available for the reactively sputtered low-
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temperature grown film (purple) however it is predicted that this film also contains a large percentage
of incorporated oxygen based on the optical behavior. These variations easily explain the differences

in optical behavior which are not explained by the differences in crystallinity.

600°C, R 20°C + 100V, NR
(TiN23 -orange) | (TiN37 - yellow)
Ti:N ratio 1:0.82 1:0.92
Ti 38.4% 45.2%
N 31.6% 41.5%
@) 25.5% 11.8%

Table 6.4: XPS Ti:N ratio and Atomic % oxygen for TiN corresponding to the samples in Figures 6.11 and
6.10 after 205 Ar™ ion etching to sputter away surface oxide.

In summary, we have shown that to truly understand the origination of the optical behavior of
these films, all of the data - optical, electrical and microstructural needs to be taken together. Based
on the results of this chapter as well as the previous chapter, it is expected that more dielectric films
will have a higher oxygen content and the more metallic films will have a lower oxygen content with
more N-Ti bonding as compared to N bound in oxynitride form. It is also expected that those films
deposited on Si will have a preferred orientation in the (1) direction whereas those sputtered onto
MgO or Sapphire substrates will have a preferred orientation in the (100) direction and that non-
reactively sputtered films will have smaller crystallites in general as compared to reactively sputtered
films. While a wealth of knowledge has been learned about this films, there is still a vast amount left
to learn. In an attempt to better understand some of the microstructural variation within these films
beyond the limits of traditional scanning electron microscopy and at a different, but complementary
scale to the XRD measurements, cross-sections of a small set of films were taken via focused ion-beam
(FIB) milling and transmission electron measurements (TEM) done to study the nanostructure in

turther detail. The results are discussed in the remainder of this chapter.
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6.2 SCANNING ELECTRON & TRANSMISSION ELECTRON Microscory (SEM/STEM)

So far we have studied the optical, electrical and chemical properties of these films in detail however we
have just started to examine them visually in a more traditional sense to determine how they “look”,
for example if the growth is columnar or granular, or if the films look dense or porous, etc. Transmis-
sion electron microscopy (TEM) is a materials characterization method which can be used to visualize
materials at the nanoscale level (generally on a scale of <1-toonm). A visible light microscope, or what
is often called an optical microscope allows visualize of structures down to a minimize resolvable size
of about 30onm. This limit is set by the Raleigh criterion which specifies that the minimum resolv-
able resolution for a microscope can be approximated by half of the wavelength of the light used [156].
For a visible light microscope and assuming the wavelength of the middle of the visible spectrum of
ssonm, the resolution would be limited to not much below 30onm and therefore to visualize materials
truly at the nanoscale, additional methods are required.

The idea of wave-particle duality discovered in the early twentieth century states that objects like
electrons which we typically consider as particles can also be considered as waves. According to the
deBroglie equation, they have some characteristic wavelength dependent upon their mass, m, and

velocity, v.

With some manipulation and approximations, this equation can be rearranged to another common

form which relates the energy (in €V) and the wavelength (in nm).

I.22

VE

Using this equation, we can therefore approximate the “wavelength” associated with an electron mi-

A=
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croscope which corresponds to the resolution. SEMs generally use electron beams with energies of a
few keV and TEMs higher energy beams closer to 100keV, giving expected resolutions on the order of
0.03 nm (or 0.3 A) and 0.004nm (or 4pm), respectively. In reality, there are practicalities which limit
the resolutions to about 1-20nm for an SEM and about an order of magnitude lower for TEM [156].

As was shown earlier, SEM images were taken of many films showing the wide range of microstruc-
tures which can develop. SEM is generally a qualitative imaging technique however, and thus it is dif-
ficult to draw significant conclusions from these images alone. In addition, the resolution is not fine
enough to study materials and interfaces at the nanoscale level. Therefore, TEM measurements which
allow direct visualization of the lattice structure were next undertaken in an effort to better quantify
the films’ microstructure in coordination with the previous XRD studies.

The samples required significant preparation prior to measurement since specimens must be on
the order of toonm for clear imaging and since cross-section views examining the film microstructure
from the side were desired. In this study, focused ion-beam (FIB) etching using an FEI Helios 660
was done to cut out cross-sections of several TiN thin films on MgO substrates and thin them in
preparation for TEM measurements to examine the local structure. Prior to FIB milling, a platinum
layer was added to protect the TiN films and MgO substrates from damage. Several samples were
carefully chosen to compare films deposited at high temperature vs. room temperature with a bias
(TiN23 vs. TiN37/44) and also films sputtered non-reactively (TiN37) with those sputtered reactively

(TiN23,44). The deposition conditions of the chosen films are summarized in Table 6.5.

Sample Deposition | Reactive/Non-Reactive
Temp/Bias (Ar:N,) sccm

TiN23 600°C R, 12:8

TiN37 | 20°C + 100V NR, 40:0

TiN44 | 20°C + 100V R, 12:4

Table 6.5: Summary of deposition conditions for samples examined via TEM
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6.21 HIGH-TEMPERATURE REACTIVELY SPUTTERED TIN

The first of the three films in this study was sputtered reactively at 600°C substrate temperature at 12:8
Ar:N, sccm gas flow during deposition onto a (100) MgO substrate. Figure 6.12 shows a cross-sectional
scanning transmission electron microscope (STEM) image of a FIB-milled section of the film (left) and
a top-down scanning electron microscope (SEM) image of a larger portion of the film (right).

The STEM image shows a layer of Pt at the top which was laid down prior to FIB-milling to pro-
tect the TiN film and MgO substrate underneath. It has an amorphous structure. The TiN film
underneath displays heteroepitaxial growth on the (100) MgO substrate with the crystal lattice of the

TiN film aligning in the same direction as the MgO substrate underneath. At the resolution shown

Cross section TEM

Top-down SEM

100nm

Figure 6.12: Scanning Transmission Electron Microscopy (STEM) cross-section and top-down SEM of Metal-
lic TiN grown reactively at 600°C on MgO. Sample: TiN23 on MgO substrate

however, individual lattice planes cannot be resolved. In this image, also of note are the large defects
present in the MgO substrate. The defects near the surface of the substrate (center of the image) seem
to be transferred into the TiN film. This large defect concentration could be due to high temperature
processing since this effect was not noticed in the other two samples studied which were deposited

at room temperature. Another possible explanation is exposure of the substrate to a humid environ-
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ment prior to sputtering. MgO substrates are highly sensitive to water vapor and since this was not
known initially, it is possible that the substrates may have not been properly stored since this was an
earlier sample. The SEM image shown in Figure 6.12 (right) is looking down at the TiN film from
above. (This is prior to the Pt deposition on top for FIB-milling.) From this image, the TiN film
seems to have grains on the order of 15-20nm in diameter. Combining the knowledge gained from
this image with the STEM image and XRD data which showed textured (200) growth, this film can
be considered highly-textured with columnar, but perhaps heteroepitaxial growth.

Fast Fourier transforms (FFT) are commonly used in image processing for filtering, to reduce noise,
and to recognize patterns. In the case of TEM data, they can be used to recognize repeating patterns
such as the lattice spacings exhibited in crystalline materials [155, 157]. FFTs were performed on the
TiN film alone (Figure 6.13 left) and subsequently on the MgO substrate alone (middle) using the
data selected within the yellow boxes. The FFTs are shown below the corresponding images. The red
background corresponds to the FFT of the TiN film and the blue background to the FFT of the MgO
substrate. These two images have been overlaid to produce the purple image at the far right of the
figure. Four white dots can be noted within a cubic arrangement around the center spot, signifying
that indeed there is likely heteroepitaxial growth with good lattice-matching. However, as mentioned
earlier at this resolution individual lattice planes cannot be resolved so this analysis is still qualitative.

Therefore, high-resolution TEM (HRTEM) images were also taken of this film to confirm the
crystal growth direction and quantify the lattice plane spacing. The HRTEM image shown in Fig-
ure 6.14 clearly shows highly uniform crystalline growth. Of the four films measured, only this high-
temperature, reactively grown film exhibited epitaxial growth. When FFTs are performed onan HRTEM
image, information similar to that obtained directly from an electron diffraction pattern can be ob-
tained [49, 157]. An FFT was taken of this image using the Image] analysis software [158] which agrees
with previous results for epitaxial (oor) TiN [49]. The FFT diffractogram confirmsa (200) orientation

with interplanar spacing of 2.1 A as predicted in Table 6.1.
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Figure 6.13: FFT of select region of TEM film (red) and of select region of MgO substrate (blue) are overlaid
to compare crystalline orientation. Sample: TiN23 on MgO

HRTEM
FFT

Figure 6.14: High-Resolution Transmission Electron Microscopy (HRTEM) of Metallic TiN grown reac-
tively at 600°C on MgO and FFT. Sample: TiN23 on MgO
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6.2.2 ROOM-TEMPERATURE NON-REACTIVELY SPUTTERED METALLIC TIN

The next sample analyzed via TEM was sputtered non-reactively at room temperature and with an
additional applied substrate bias, also onto a (100) MgO substrate. As before, a STEM cross-section
of the sample is shown in Figure 6.15 (left) along with a top-down SEM of the surface of the TiN
film (right). The STEM image shows a clearly less ordered TiN film as compared to the previous
high-temperature reactively sputtered film. As noted in the previous section, the MgO substrate here
does not seem to exhibit the extensive damage seen in the previous example. Upon examination of the
STEM and SEM images in tandem, it is hypothesized that there is a nanocrystalline nature to this film.

This agrees well with the XRD analysis in Section 6.1.2 that the crystallite size was significantly smaller

Cross section TEM
Top-down SEM

Figure 6.15: Scanning Transmission Electron Microscopy (STEM) cross-section and top-down SEM of TiN
grown non-reactively at 20°C plus 100V substrate bias on MgO. Sample: TiN37 on MgO substrate

in a non-reactively sputtered film with bias than the similarly metallic high-temperature reactively

sputtered film. Note here that the substrates are different (MgO rather than sapphire) but the trend
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seems to hold.

As previously, HRTEM images are taken to visualize and quantitatively assess the lattice. Typi-
cally, diffraction patterns exhibit rings rather than discrete spots in nanocrystalline samples which are
sampled over a number of crystals with orientations in different directions [159, 160]. This effect can
begin to happen even when sampling over only 2 or 3 different crystalline grains. The HRTEM im-
age shown in Figure 6.16 and the corresponding FFT are not quite as clear as the previous example,
however seem to be exhibiting the beginning of a ring-like pattern with arcs forming from the north
to east and west to south quadrants around the center point. The spacing of this potential partial
ring wraps around between the expected positions of the [200] and [111] diffraction spots with lattice

spacing ranging from 2.1—2.4A.

HRTEM

FFT

Figure 6.16: High-Resolution Transmission Electron Microscopy (HRTEM) of TiN grown non-reactively at
20°C + 100V bias on MgO and FFT.Sample: TiN37 on MgO
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6.2.3 ROOM-TEMPERATURE REACTIVELY SPUTTERED METALLIC TIN

The final sample studied via TEM was sputtered at room temperature with an additional applied
substrate bias, but unlike the previous sample was sputtered reactively rather than non-reactively atan
Ar:N, ratio of 12:4 sccm. Thelow resolution STEM images of this sample were harder to interpret, but
overall the film appeared to be less homogeneous. The top-down SEM image shows what appears to
be a granular or nanocrystalline film. There is more significant variation in shades of different grains in
both images (some appear light and some appear darker) as compared to either of the previous samples.
In addition, tetrahedral structures were observed on the surface of the film. Unfortunately, while the
intention was to use the TEM to image a cross-section of one of these tetrehedral structures in addition

to the film, none of the tetrahedra were successfully cross-sectioned during the FIB preparation.

Cross section BF TEM

Top-down SEM

Figure 6.17: Scanning Transmission Electron Microscopy (STEM) cross-section and top-down SEM of TiN
grown non-reactively at 20°C plus 100V substrate bias on MgO. Sample: TiN44 on MgO substrate
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Nevertheless, HRTEM images were taken within several different regions of this film with interest-
ing results. The low resolution TEM is shown again in Figure 6.18 (left) for reference. A small white
box has been added which shows the location at which the top HRTEM image was taken. Notice
that this is near the surface of the TiN film and that the darker portion of the region appears to be a
different crystallite with (111) orientation rather than (200). This is confirmed by performing an FFT
of this image which has been indexed successfully in accordance with the expected FCC diffraction
patterns [159, 161, 162] and using the d-spacing of 2.4A for (111) and 2.1A for (200) TiN calculated in
Table 6.1. The lower HRTEM image is taken at a different location within the film and only evidence
of (200) growth is seen after an FFT is performed. This image is more representative of the film bulk.

HRTEM FFT

Cross section BF TEM

Figure 6.18: High-Resolution Transmission Electron Microscopy (HRTEM) of Metallic TiN grown reac-
tively at 20°C + bias on MgO and FFT]. Sample: TiN44 on MgO
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6.2.4 DiscussioN oF STRUCTURAL DaTA (STEM/XRD) iIN COMBINATION WITH

CrHEMICAL DaTA (XPS) IN DETERMINING OPTICAL BEHAVIOR

The XRD and STEM micro and nano-structural data presented in this chapter, in combination with
the optical data presented in Chapter 4 and the XPS data presented in Chapter 5 give a fairly compre-
hensive image of the main factors which contribute to the overall optical behavior of our sputtered
TiN and TiOxNy thin films. To briefly summarize, there are several critical parameters to sputter
metallic TiIN which is suitable for plasmonic applications, namely, careful control of the chemical
composition and bonding as well as the crystallinity of the deposited film. To give a clear example of
the interactions between these factors, the optical, chemical, and structural data of the three films just

examined via TEM are all considered simultaneously. The optical properties are shown in Figure 6.19.
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Figure 6.19: Comparison of ellipsometry data for TiN films sputtered under different conditions onto MgO
substrates. Films correspond to those measured via STEM. Samples: — TiN23 MgO — TiN37 MgO —
TiN44 MgO

First, the structural data is considered. XRD data for these samples showed that all three films

were highly textured with dominant (200) TiN film growth. This is expected based on the analysis in
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Section 6.1.1 which showed that the film growth direction was highly dependent upon the substrate.
The XRD data for all three films is plotted in Figure 6.20. The dashed lines in the figure are drawn
at the expected 26 angles for cubic TiN with a lattice constant of a = 4.24 A. The two largest peaks
in the figure located just to the right of the (200) and (400) lines correspond to the MgO substrate.
The spacing between the TiN and MgO (200) and (400) peaks is very close since the substrate and
film have <1% lattice mismatch and therefore it is hard to distinguish between them. The expected
location of the TiN (200) peak is drawn at 42.6° corresponding to a lattice constant of 4.24 A. There
is a shoulder located at slightly smaller angles than the main peak due to TiN (200). This can be seen
more clearly in Figure 6.21 which zooms in on each set of diffraction peaks individually. A slightly
larger lattice parameter of 4.30 A would shift this peak left, closer to 42.0°. This may explain the (200)
peak shift seen in the two room-temperature + bias films as compared to in the 600°C film which

seems to overlap very closely with the substrate.
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Figure 6.20: Comparison of x-ray diffraction data for TiN films sputtered under different conditions onto
MgO substrates. Intensity values are arbitary and offset for clarity. Films correspond to those measured via

STEM. Samples: — TiN23 MgO — TiN37 MgO — TiN44 MgO

Summarizing the XRD data shown in Figure 6.21, all three films are dominated by (200) growth
with the room-temp + bias films showing relatively broad peaks shifted to slightly shorter angles near
42°. The 600°C reactively sputtered film (blue) shows only (200)/(400) peaks and has the ‘best crys-

tallinity’ of the three with textured heteroepitaxial growth on the MgO substrate. This is consistent
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with the STEM data from the previous section. The room temperature plus bias, zon-reactively sput-
tered film (black) shows a small (111) peak in addition to the dominant (200) peak, however it is quite
broad and the film seems to be dominated by (200) growth. The FFT of the HRTEM data taken for
this film was almost ring-like signifying nanocrystalline structure and the smallest grains of the three
films. This agrees well with the broadness of the peaks seen in the XRD data since smaller crystallites
are known to cause XRD peak broadening based on Equation 6.1.2. The HRTEM FFT ring spacing

varied from 2.1 - 2.4 A which is also consistent with the (200) and (111) directions seen in the XRD

data.
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Figure 6.21: Peak by peak inspection of XRD data for TiN films sputtered under different conditions onto
MgO substrates. Films correspond to those measured via STEM. Samples: — TiN23 — TiN37 — TiN44

Finally, the room temperature plus substrate bias reactively sputtered film (red) is again dominated

by the (200) growth which agrees with the second HRTEM image studied. This film seems to be
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highly textured with the majority of the structure consisting of (200) crystallites but perhaps with
local areas of smaller growth in varied directions. One such area was seen in the first HRTEM near
the film surface with (1) orientation. While the XRD data suggests the possibility of (220) or (311)
crystallites also being present within the film, these XRD ‘peaks’ are almost level with the noise floor
and hard to confirm for sure so it is not surprising that they were not seen in the HRTEM images.
Characterizing these films in terms of crystallinity only, the 600°C film (blue) would be the ‘best” with
textured heteroepitaxial growth, followed by the low temp + bias reactively sputtered film (red) with
highly textured but polycrystalline growth, and finally the low temp + bias non-reactively sputtered

film (black) with textured nanocrystalline growth.

Deposition Conditions
600°C, R 20°C + 100V, NR | 20°C + 100V, R
(TiN23 -blue) (TiN37 -black) (TiN44 - red)
Metallic Middle Least Most
Character
Crystallinity | Heteroepitaxial | Nanocrystalline | Polycrystalline
Ti:N ratio 1:0.94 1:0.0.93 1:0.99
Ti 42.1% 43.3% 44.1%
N 39.4% 40.3% 43.8%
O 17.5% 15.2% 10.7%

Table 6.6: Comparison of metallic character as determined via SE data, structural character as determined
via XRD/STEM and chemical character as determined via XPS Ti:N ratio and atomic % oxygen for TiN
corresponding to the samples studied via TEM after 20s Artion etching to sputter away surface oxide.

Therefore, based on the crystallinity (XRD + STEM) only, we would expect the high-temperature
film (blue) to be the most metallic; however, the film sputtered reactively at low-temperature (red) is
in fact more metallic and in addition has lower losses than this highly crystalline film. Therefore, there
must be other factors involved, as we suspected. For completeness, the chemical composition and
bonding data collected via XPS is displayed in Table 6.6 along with the optical and structural results.

Based on our previous analysis, we expect that this variation may be due to the Ti:N ratio or atomic %
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oxygen. Checking Table 6.6, the most metallic film (red) has 10.5% oxygen as compared to the highly
crystalline film (blue) which has a significantly higher amount of oxygen 17.5%. If this fully explained
the optical behavior however, then the non-reactively sputtered film (black) would be in the middle
in terms of metallic character, with only 15.2% oxygen. Therefore, it is clear that both the crystallinity

and the chemical composition are important in determining the overall optical behavior.
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Simulated and Fabricated TiN Benchmark

Plasmonic Structures

THROUGHOUT THIS THESIS, the optical behavior of sputtered TiN and TiOxNy was studied as a
function of the sputtering deposition conditions. The ultimate goal was optimization of the metallic
character of these films for plasmonic applications. To verify the viability of the optimized TiN as an
alternative plasmonic material, several benchmark plasmonic nanostructures were next fabricated. In
this final chapter, three different types of fabricated structures demonstrating the potential of TiN as

a plasmonic material will be discussed: surface plasmon grating couplers, mid-infrared nanoantennas,
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and micro-pyramids for photothermal drug therapy.

7.1  SURFACE PLASMON GRATING COUPLERS

As discussed in Chapter 1, though surface plasmons couple light into surface electron waves, they can-
not be excited solely by shining light at the interface due to the required phase-matching condition.
One way of matching the phase of the incoming light is by using a grating coupler. This will be the

first type of fabricated benchmark structure discussed.

7.1  INTRODUCTION AND MOTIVATION

Gratings can be used to couple the incoming light into the surface plasmon mode by using interference

to match the wavevector of the incoming light, &, to that of the surface plasmon mode, &gpp.

Figure 7.1: Surface plasmons at a metal air interface have a larger k-vector than attainable in air from incident
radiation. One method to increase the k vector is by using a grating to couple the light into the surface plas-
mon mode.

Using the metallic grating geometry, incidentlight couples into the surface plasmon mode at the angles

at which the phase-matching condition [18, 163-165]:
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kSin(OL) + kgrating = ksp

is satisfied, where k =2 /) is the incident wavevector in air and o is the angle of the incident light from
the normal as shown in Figure 7.1. The wavevector is defined as 27 /A = w/c. For a periodic grating
with lattice parameter, a, this equation can be re-written as:

2T 21

—sin(oc) +m— = ksp
Py a

where m is an integer. The equation is visualized in the vector diagram in Figure 7.2.

Figure 7.2: Vector diagram describing surface plasmon phase-matching condition. Adapted from [163]

Using the dispersion relation for surface plasmons calculated in Chapter 1, where ¢,, and ¢4 are the
complex valued permittivities of the metal grating and dielectric interface material, this equation can

again be re-written as:
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2T 2T eméd
—sin(a) + m— =k =
A a €m 1+ €4

Therefore, given the material optical constants and the incident wavelength of light, a grating can be
designed and the approximate couping angles calculated. A common method to measure this coupling
is via reflectometry. In this case, the reflectance of a particular wavelength of light oft of a grating is
measured as a function of incident angle. At the angles at which the light couples into the surface
plasmon wave, there will be a dip in the reflection.

For metallic TiN thin films, the crossover wavelength is near s0o-65onm and the surface plasmon
wavelength is expected to be closer to 700-110onm, thus the gratings should be designed for coupling
within this wavelength regime. The measurement setup was able to measure reflection in angles greater
than 20°. Therefore gratings with lattice parameter, a, near 1-1.5 um were expected to couple incom-
ing light with wavelengths near 700-1oonm. These calculations were confirmed via Finite-Difference

Time Domain (FDTD) simulations as will be discussed in the following section.

7.1.2  FINITE-DIFFERENCE TIME DoMAIN (FDTD) SIMULATIONS

2D FDTD simulations were completed to verify the expected resonance behavior. Lumerical FDTD
Solutions software v. 8.15.568 was used. Diagrams of the simulation setup are shown in Figure 7.3. A
“grating coupler 2D” structure group was used to create the metallic grating on the dielectric substrate.
The grating geometry was specified by four main parameters: the total film thickness, the groove etch
depth, the pitch (or period) and finally the width of the grating lines. The width of the grating was
specified in terms of the duty cycle which can be defined as the width divided by the pitch.

The simulation region had perfectly matched layer (PML) boundary conditions in the y-directions
consisting of 12 ‘steep-angle’ layers. The width of the simulation region in the x-direction was set to

the same length of the grating period with Bloch boundary conditions. The simulation time was set
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to 6oofs with an auto cut-off stopping the simulation sooner if the error fell below 1e-5. The built-
in ‘auto non-uniform’ mesh setting was used. A single wavelength plane wave source was used to
imitate the reflectance measurements. The source was injected along the negative y-axis at an angle 6
from the normal, shown as 25 in the figure. The purple arrow denotes the direction of the wavevector
propagation, k, and the blue arrows denote the electric field direction. In this example, the polarization
angle is set to o° in the figure with the electric field perpendicular to the grating, corresponding to
transverse-magnetic (TM) or p-polarization [94, 164, 165]. A polarization angle of 90° was used to
simulate s-polarization expected behavior. Two frequency domain profile monitors were used, the
first beneath the grating to measure transmission and the second above the injected source to measure

the reflectance from the structure.

FDTD
Reflection simulation

siteh  widh etch votal film monitor region
depth  thickness \

Bloch BC Plane wave

source

Figure 7.3: Setup of 2D FDTD simulations of TiN metallic surface plasmon grating coupler

Once the initial geometry was set-up, simulations were done to optimize the grating geometry
to achieve the best coupling into the surface plasmon mode, defined as the maximum dip in the re-
flectance at the coupling angle. As described earlier, there are four main parameters which define the
grating geometry: the pitch, linewidth, etch depth, and total film thickness. Throughout the simula-

tions shown here, the pitch was fixed at r.sum to keep the expected resonance angle within the most

154



easily measurable range experimentally of 20-50°. Therefore, to optimize the coupling, the etch depth
of the grating grooves was first varied to determine the optimal etch depth for a fixed film thickness
of gonm. The results are shown in Figure 7.4. For a film thickness of 9onm, the etch depth at which
the resonance dip is deepest seems to be between 40-6onm. Note however that when the grooves are
6onm deep, the reflectance overall drops significantly outside of the resonance range. This is because
half of the film is now only 3onm thick and a significant amount of light is transmitted rather than
being reflected or coupled into the surface plasmon mode. Therefore, for a gonm thick film, an etch
depth of 40-sonm seems optimal. In addition, it seems that films with total thickness of less than

sonm are unlikely to be ideal for the metal grating geometry if maximum coupling is desired.
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Figure 7.4: FDTD simulated reflectance dip for varied etched groove depths on a TiN metallic grating on
sapphire

Next, the duty cycle of the film was varied while the pitch was again held constant at .5um. Using
the results of the previous simulations, a total film thickness, t = 9onm and an etch depth of d = sonm
were also fixed. The duty cycle was varied from 0.4 to 0.6, translating to linewidths, w, of 6oonm to

9oonm respectively. A selection of the results is shown in Figure 7.5. The resonance dip remained at
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the same incident angle as the duty cycle varied, which agrees with the fact that the additional k-vector
picked up due to the grating is determined by the equation kg = 27m/a. Therefore, as expected, the
period of the lines rather than the linewidth determines the coupling angle. According to this figure,
it is clear however that to optimize coupling efficiency, the fabricated grating structure should have a
duty cycle as close to 0.5 as possible with the linewidth equal to half of the grating pitch. For both

larger and smaller linewidths, the intensity of the coupling decreased dramatically.
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Figure 7.5: FDTD simulated reflectance dip for varied duty cycle on a TiN metallic grating on sapphire

Finally, it is important to point out that these first sets of simulations were done at a fixed incident
wavelength of A = 8oonm; however, it is expected that the surface plasmon wavelengths can exist over
a range of wavelengths. For this reason, the incident wavelength was next varied for a fixed geometry
determined to be optimal based on previous simulations. The results are displayed in Figure 7.6 for a
film thickness = 1oonm, etch depth = sonm, period = r.sum and duty cycle = o.5. In this figure, the
simulated measured absorption is also plotted as well as the transmission calculated accordingto R + T
+ A =1. This figures shows wide tunability of the grating resonance for a single geometry by varying the

incident wavelength without a significant loss in coupling efficiency. In fact, simulations showed the
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dip continuing without significant change in intensity to 1300nm however angles below 20° were not

accessible in our measurement geometry so at this time, these results have not been explored further.
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Figure 7.6: FDTD simulated reflectance dip for varied incident wavelengths on a TiN metallic grating on
sapphire

It has been suggested that in addition to metallic gratings, dielectric gratings can also satisfy the
phase-matching condition leading to surface plasmon coupling. Since these gratings were only in-
tended as a proof of concept to show that the TiN is indeed metallic enough to support surface plas-
mon modes and since creating dielectric gratings requires fewer fabrication steps than metallic gratings,
simulations were also performed over a range of dielectric grating parameters. The relative perfor-
mance of dielectric gratings created on top of flat metallic TiN films was compared to the coupling
into metallic gratings etched directly into the TiN films. It was determined that thicker dielectric grat-
ings out-performed thin dielectric gratings in terms of both coupling strength and sharpness of the
resonance width. Select results are shown in Figure 7.7.

Figure 7.7 simulates the predicted resonances of a dielectric grating with heights varying from 100
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Figure 7.7: FDTD simulated reflectance dip for varied thickness dielectric grating on top of a thin TiN film
on sapphire substrate. Simulations performed by and adapted plot from Mena Gadalla.

to 1ooonm on top of a sonm thick TiN film on sapphire substrate. The incident wavelength for all
simulations was A = 1ooonm. The height range simulated was chosen to approximate the thicknesses
available using HSQ-based electron beam resists. The optical constants for SiO,were used to approxi-
mate the optical constant of these resists since after baking, exposure and development they are known
to behave similarly. Interestingly, at shorter dielectric heights (100-400nm, left plot), the resonances
are significantly deeper than the metallic gratings, but also quite broad. At thicknesses of soonm and
above, multiple peaks begin to appear with a peak near 18-25° coupling incident angle which has both
a large coupling efficiency and a more narrow peak width. A narrow peak is desirable in simulations
since in experimental situations, variations in structure dimensions lead to broadened peaks.

To verify that the coupling seen is due to a plasmonic effect rather than solely an effect of the di-
electric grating, the simulations were repeated using the measured optical properties of three different

TiN films of varying metallic character (Samples: TiNs3 - metallic, TiN3s - moderately metallic, and
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TiN4o - barely metallic). The dielectric grating had a height = 9goonm and the TiN film in each case
a thickness - sonm. The results shown in Figure 7.8 verify that the coupling is clearly correlated with

the metallic and therefore, plasmonic nature of the film with the resonance disappearing in the unop-

timized TiN films (TiN35 and TiN4o0).
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Figure 7.8: FDTD simulated reflectance dip for TiN films of varied metallic character. Simulations performed
by and adapted plot from Mena Gadalla.

7.1.3  EXPERIMENTAL RESULTS

FDTD simulations confirmed that optimized metallic TiN films are indeed metallic enough and have
low enough losses that they should be able to support surface plasmons in the near-IR wavelength
range. Therefore, experiments were next undertaken based on these designs to confirm this experi-
mentally. Since the best overall coupling in the simulations was seen in the design shown in Figure 7.7
with a dielectric thickness of 9oonm, this was the chosen design structure. The fabrication was rela-
tively straight-forward and involved first, cleaning the sputtered TiN film sample in acetone, isopropyl
alcohol, and a DI rinse and then dehydration bake, followed by electron beam spinning, exposure and

development. A schematic of the chosen structure and the fabrication steps is drawn in Figure 7.9.
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Figure 7.9: Schematic of fabricated plasmon grating coupler design including fabrication steps. The fabricated
grating consisted of an 8oo-9oonm thick dielectric grating (double layer FOj resist) made via electron beam
lithography on top of a rzonm thick TiN thin film sputtered onto c-plane sapphire substrate.

The challenge to this fabrication process was the desired thickness of the electron beam resist.
Unfortunately, while the HSQ-based electron beam resist available (FOx-16 flowable oxide by Dow
Corning) had a rated thickness of 450-9sonm dependent upon recipe [166], the maximum thickness
achieved experimentally with a single well-distributed layer after spinning was near 6oonm, even spin-
ning slowly at 1ooorpm. Therefore several trials were done to spin on multiple layers of the resist to
increase the thickness to near the desired 9oonm. These layers were each spun at 3000rpm for 45 sec
followed by a smin 180°C bake and a 5 min 120°C bake. However it was found that even with baking,
each layer only added about 10% additional thickness to the previous layer, so many layers would be
necessary to reach goonm.

Another way to solve this problem and reduce the number of layers needed is to increase the thick-
ness of the resist so that it does not spread out as thinly during spinning. It was found that by first
spinning a single layer as stated above and then by dropping on the FOx-16 resist and then waiting for
a few seconds before starting the spinner, that some of the solvent would evaporate and a thickness
between 8oo and 9oonm could be achieved with only a double layer. The film studied below was
produced via this method. After spinning, the procedure included a smin 180°C bake, then a s min

120°C bake, electron beam exposure at a dose of 1875 uC/cm?, and development for 6osec in TMAH
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followed by a DI water rinse.

The reflectance measurements were performed using the same J.A.-Woollam ellipsometer described
in Section 3.3. The gratings are designed to be resonant at the correct angles and wavelengths with
p-polarized incident light. However, measurements were made with both s- and p-polarized incident
light. The s-polarized measurements showed no reflection dips as expected (not shown). An enlarged
grating has been drawn onto the sample in the schematic shown in Figure 7.10 to demonstrate the

measurement geometry.

Linearly
polarized p-plane

incident light

p-plane

s-plane

s-plane
Elliptically
polarized

reflected light

Figure 7.10: Grating coupler reflectance measurement geometry

When the grating was illuminated with p-polarized light, a significant resonance dip was observed
for wavelengths greater than about 8oonm, as expected. The experimental measurements as compared
to the expected results via FDTD simulations are plotted in Figure 7.11 for selected wavelengths of
880, 900, and 920nm near where the observed resonances were strongest for this particular structure.
While the gratings are clearly able to couple in light to surface plasmons at the TiN interface due to the
deep reflectance dips, there are some issues to resolve. The spacing of the peaks in the experiment as
compared to in the simulations is equivalent but the experimental peaks are shifted just over 2 degrees
higher in coupling angle. SEM images were taken of the fabricated grating structure to determine the

potential cause of the shift in the data. The micrographs are shown in Figure 7.12.
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Figure 7.11: Measured experimental reflectance off of SiO, grating on TiN as a function of angle at 880, 900,
920nm compared to simulations. Incident radiation is p-polarized. Sample: TiNs7EB3

As shown in Figure 7.12(a) from a top-down view, the grating initially seemed to exhibit the ex-
pected geometry. The period was measured to be very close to 1.sum and duty cycle close to o.5. The
height of the grating approximated by profilometry was measured to be between 800 and 9goonm tall.
The sample was next mounted on a tilt stage to examine the film from an angle (b & c). Figure 7.12(b)
shows an SEM looking at the edge of the grating from the side at a grazing angle of about 10°. From
this view, the height of the film on the edge was measured to be closer to 800-8sonm. Itis from this an-
gle that the variation in dose caused by the proximity effect is also seen. Near the edge, the line clearly
has a thinner width. In figure (c), I zoomed in on a spot near the center of the grating. From this tilted
angle and high magnification it is easy to see that the center of the grating has been overexposed with
some of the resist between the grating lines remaining even after development.

Based on the SEM images, several additional simulations were run to determine the effect of slight
changes in the grating geometry on the expected reflectance dips. Even slight variations in the geometry

cause significant shifts in the data as shown in Figure 7.13, thus it is not surprising that an approximate
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Figure 7.12: (a) Top-down SEM of fabricated grating seems to show expected geometry (b) Tilted SEM near
edge shows proximity effect issues with varying thickness of grating lines (c) Overexposure due to proximity
effect is confirmed at the center of the grating pattern

2° shift was at first observed between the experimental and simulated data. As shown in the figure,
slight increases in the grating period, dielectric thickness, or duty cycle are all expected to cause the
coupling angles to shift to increased values. Since the initial simulation used a dielectric thickness of
8oonm, by increasing this the simulated data should shift closer to the experimental data. In addition,
the experimental data exhibits a deeper dip for incident wavelength = 88onm (red) and shallower dip
at 92onm (green). A similar trend is seen for duty cycles slightly increased to o.s1 or 0.52, fairly likely
based on the overexposure.

The only feature of the original experimental data which could not be explained by the new simu-

lations was the trend of increasing background reflectance for increasing incident angle since all simu-
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Figure 7.13: FDTD simulations showing effect of slight grating geometry variations on expected reflectance

dips

lations showed relatively flat backgrounds. It was determined that there had been an error in the nor-
malization in the additional measurements and therefore new experimental reflectance measurements
were performed. The new experimental data and adjusted simulations are compared in Figure 7.14.
The new experimental and simulated data shows good agreement. In conclusion, the proof of concept

that these optimized TiN films were metallic enough and with low enough losses to indeed support

surface plasmon modes was successful.
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Figure 7.14: Measured experimental reflectance off of SiO, grating on TiN as a function of angle at 880, 900,
920nm compared to modified simulations. Incident radiation is p-polarized. Sample: TiNs7EB3



7.2 MID-INFRARED (MID-IR) NANOANTENNAS

(COLLABORATION WITH UNIVERSITY OF STUTTGART)

In close collaboration with researchers at the University of Stuttgart, the feasibility of using TiN as a
plasmonic material further out in the near to mid-IR wavelength regime was next explored since our
initial measurement setup limited experiments to a maximum wavelength of about 160onm though
simulations had shown the potential of resonances longer than this. Plasmonic nanoantennas were
fabricated via two methods: direct laser writing and laser interference lithography and the plasmonic
resonances simulated as well as measured from about 3- 7um. The fabrication methods will next be

discussed briefly followed by a summary of the experimental results.

7.2.1 FABRICATION METHODS

Two methods were used to fabricate the mid-IR nanoantennas: direct laser writing (DLW) and laser
interference lithography (LIL). In DLW, a two photon absorption process was used to write the
nanoantenna pattern (Photonic Professional GT, Nanoscribe GmbH system). In the first set of exper-
iments, Si substrates were used. They were cleaned in a quick 49% HF dip then sonicated in acetone,
isopropyl alcohol and rinsed in DI water. Next, a sonm layer of TiN was sputtered non-reactively
onto the Si using the 20°C plus 100V bias recipe (Sample: TiN43 Si-2sp). Next, snm/1oonm Cr/Au
films were electron beam evaporated (Pfieffer Vacuum Model PLS-500) onto the TiN film to serve
as an etch mask. Finally, the nanoscribe polymer resist (Nanoscribe IP-Dip) was dropcast onto the
surface of the Au over the area in which the pattern was desired.

The nanoscribe laser was used to write an array of nanoantennas of varying dimension using a
two-photon absorption process to expose the resist. After removal of the unexposed resist (15 min de-
velopment in Microresist mr-dev 600), an Ar™ ion beam etch (Technics Plasma Model R.LB. - Etch

160) was used to transfer the pattern into the gold mask. The IBE has approximately a so:r selectivity
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in terms of Au etch rate: TiN etch rate so the sample was purposefully slightly overetched to ensure
that all excess gold and the Cr sticking layer was removed outside of the mask. Next chemical etch-
ing using a basic Piranha etch (INH,OH : 2H, O, : sH,O ratio by volume, at 75°C) was used to etch
down into the TiN layer to the Si surface. After this an oxygen plasma (Diener electronic Plasma-
Surface-technology) was used to remove any remaining resist. Finally, the gold was removed via a
second Ar™ IBE leaving only TiN nanoantennas remaining on the Si substrate. The process is out-
lined in Figure 7.15. The LIL process is similar however a different photoresist is used (ma-N 405)
which has been optimized for the LIL exposure process. This photoresist is developed in AZ826. The
mask layer is also thinner with 2nm/3snm Cr/Au, respectively. Measurements of the nanoantenna
transmittance were made via a Bruker Vertex 8o spectrometer coupled to a Bruker Hyperion micro-
scope. The sputtering process was completed at Harvard University and the nanoantenna fabrication

and transmittance experiments were completed at the University of Stuttgart.

TiN/Au layer and Exposure and
photoresist coating development Au dry etching

TiN wet etching Photoresist removal

Figure 7.15: Fabrication steps for mid-infrared nanoantennas. Figure created by Shahin Bagheri. Adapted
from [71]



7.2.2  SIMULATIONS & EXPERIMENTAL RESULTS

TiN thin films from two sputtering runs were used in these experiments. The first was a moderately
metallic film on Si substrate and the second a more optimized metallic film on sapphire substrate. The
optical properties of both films were measured using a J.A-Woollam ellipsometer with an extended
range from 3oonm to 2.2um. Models were made within this range by measuring psi and delta at
varied angles of incidence from 45° to 65° in steps of 5° and then combining them with reflectance data
measured in the mid-IR to extrapolate the optical properties into this regime. The final approximated

optical properties for both films used are plotted in Figure 7.16.
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Figure 7.16: Optical properties of TiN thin films extrapolated into mid-infrared. Samples: TiN43 Si, TiN49
Saph. Adapted from figured created by Shahin Bagheri. Adapted from [71]

The extrapolated optical properties were used to simulate plasmonic nanoantenna resonances with
antennas of varied lengths using a Fourier modal method numerical simulation approached as de-
scribed in [167]. Figure 7.17(a) shows the simulated results for nanoantenna arrays on sapphire sub-
strates with different periodicities, p, and antenna lengths, L, which determine the resonance wave-
lengths. Red: p = r.sum and L = r.oum, Green : p = 2.oum and L = 1.5um, and Blue: p = 2.oum and

L = 2.oum. For these simulations, the polarization of the electric field is parallel to the long axis of
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the antenna as depicted in the schematic. Subfigures (b) and (c) demonstrate the agreement between
experiment and simulation of one such fabricated nanoantenna array with p = r.sum and L = 0.83um.

The width of the antennas is 20onm.
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Figure 7.17: Simulated and experimental results of TiN nanoantenna relative transmittance on sapphire sub-

strate. Sample: TiN49 Saph. Adapted from figures created by Shahin Bagheri. Adapted from [71]

While the resonance was not quite as strong on the Si substrates due to the lesser plasmonic quality
of the material, a broader resonance was still clearly visible and tunable over a wide range of IR wave-
lengths by fabricating arrays of various geometries with lengths ranging from 200 - 1400nm even with
this ‘moderately’ metallic material. The widths and heights of the antennas are 250nm and sonm, re-
spectively. The results of the experimental measurements and simulations agree fairly well as shown
in Figure 7.18. Top-down SEMs of the corresponding nanoantenna arrays are also shown. The res-
onance positions are plotted versus the antenna lengths demonstrating a highly linear relationship as
shown in figure (c). The quality of this response as compared to the response measured on the more
highly optimized films confirms the important of the careful control of the TiN material quality for

plasmonic applications. This experiment also confirms however the wide tunability of this material.
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Figure 7.18: Experimental results of tunable TiN nanoantennas fabricated by direct laser writing (DLW) on Si
substrate. Figure created by Shahin Bagheri. Sample: TiN43 Si-2sp. From [71]

Finally, it was stated at the beginning of this section that nanoantennas with IR plasmonic reso-
nances were fabricated via two methods: DLW and LIL. To this point, the nanoantennas discussed
have all been fabricated via DLW which allows for writing of arrays with several different dimensions
on one sample and shows the possible tunability of these nanoarrays. However, there is significant
interest in larger scale fabrication of nanoscale devices and LIL is one potential method via which
nanoantennas can be patterned over a large scale quickly. An example of creating TiN nanoantennas
via this method is demonstrated in Figure 7.19. Subfigure (a) shows an example of a TiN nanoantenna
array patterned onto a sapphire substrate next to a coin for reference. The entire pattern is created af-
ter only a few seconds of laser exposures. (b) Shows a top-down SEM of the TiN nanoantenna array

fabricated via LIL on a Si substrate with the corresponding transmittance resonance plotted in (c).
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Figure 7.19: Experimental results of large-area TiN nanoantennas fabricated by laser interference lithography
(LIL). Figure created by Shahin Bagheri. Sample: TiN43 Si-2sp From [71]

This set of experiments is important because it shows that large scale fabrication of TiN nanos-
tructures is plausible and extends the range over which TiN has been shown to serve as an alternative
plasmonic material. This extension into the mid-IR range is potentially quite exciting due to the re-
cent surge in interest in thermophotovoltaics, thermal emission and perfect absorption [2, 47, 168].
Many of the applications within this regime require robust materials due to the intense focusing of
light leading to elevated temperature, therefore using a refractory material such as TiN which can
withstand higher temperatures than more commonly used plasmonic materials could have significant

impact within this field.
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7.3 PHOTOTHERMAL DRUG THERAPY USING TIN PYRAMIDAL ARRAYS

(COLLABORATION WITH ER1Cc MAZUR RESEARCH GROUP)

Drug delivery and drug therapy are current important research topics with significant interest in lo-
calized, targeted therapy of unhealthy cells rather than treatment which can damage both healthy and
unhealthy cells equally. Significant recent research has focused on targeted therapy using metallic plas-
monic nanoparticles. It has been found that by irradiating metallic nanoparticles with high intensity
laser beams that surface plasmon excitation of the particles creates large electric fields and local heating
which can local destroy tumors or open up holes in the cell membranes [169-173]. Unfortunately, this
process can kill healthy cells and can also break up the nanoparticles into small nanometer fragments
leading to a potential toxicity problem [174]. Rather than inserting nanoparticles into the body, an-
other option is to collect the unhealthy cells from the patient, treat them, and then reintroduce the

healthy cells back into the patient. Preliminary experiments were performed to explore the potential to
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Figure 7.20: Unhealthy cells are collected from the patient, treated, and the new, healthy cells are re-infused
back into the patient. Diagram from Nabiha Saklayen and Alexander Raun, Eric Mazur Research Group.

treat cells using this method with TiN micropyramidal substrates as the plasmonic material in collab-
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oration with the Eric Mazur Research Group at Harvard University. The initial efforts are discussed

in this section.

7.31 INTRODUCTION AND MOTIVATION

One of the ways which unhealthy cells can be treated is by cell transfection, or the delivery of genetic
material such as DNA or RNA in a controlled way into mammalian cells. There are many different
proposed methods to do this, all with different advantages and disadvantages. Some of the most de-
sirable attributes are high-throughput, efficiency and cell viability. In short, it is desirable that many
cells can be treated quickly and remain viable after treatment, therefore able to be reinfused into the
patient.

One of the hurdles to overcome when delivering these macromolecules to cells is finding a way to
transfer the information through the cell membrane which is impermeable to large objects such as
DNA. A recent proposed method which is gaining traction and has been proven to be fast and also
efficient is via microcavitation, by using high intensity light pulses to create bubbles which perme-
ate cell membranes for large-scale drug delivery into mammalian cells [173]. Recently, gold substrates
with arrays of plasmonic micropyramids have been used to achieve high-poration efficiency and cell
viability with low toxicity [175]. While little gold residue is left after poration using the pyramid ar-
ray, the pyramid tips show some damage due to the strong electric field enhancement and heating
effects. Since TiN is known to have a higher heating efficiency than gold as well as also being nontoxic
[176] and already currently used in biomedical implants [177-179] and ongoing studies of the use of
TiN nanoparticles for photothermal medical therapy [46], this study focused on first replicating the
nanopyramid poration experiments with TiN pyramids rather than gold pyramids.

A schematic of the proposed experimental drug delivery setup using a TiN micropyramid array is
depicted in Figure 7.21. The pyramidal array is fabricated on a transparent substrate to allow for illu-

mination from the backside. The enhanced field produces local heating near the tops of the pyramids
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which produce bubbles at the tips of the pyramids coinciding with their contact points with the cells.

These bubbles porate the cell membrane to allow permeation.

(1 1Y) e
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Figure 7.21: Arrays of TiN plasmonic nanopyramids are fabricated on transparent cover slips. A laser illu-
minates the pyramids from beneath. The enhanced plasmonic field at the tips of the nanopyramids create
bubbles which porate the unhealthy cells allowing drug delivery. Image provided by Nabiha Saklayen and

Alexander Raun.

Human cells are on the order of 10-30um. Each pyramid in the array has a length of approx. 2um
dependent upon the fabrication design. Therefore, one cell will spread across many pyramids. For
a size reference comparison between the cells and the pyramidal array, an SEM image is shown in

Figure 7.22 (left).

7.3.2  FABRICATION METHODS

The pyramid array is fabricated via a template-stripping process as described in [175]. Photolithogra-
phy is used to create an inverted square mask array on a Si wafer. The wafer is then anisotropically
wet-etched in KOH to reveal the inverted pyramidal array. A thin 30-sonm layer of gold is evaporated

onto the inverted Si pyramidal array. The sample is then coated in Norland NOA61 UV-curable epoxy
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Figure 7.22: SEM of biological cells on TiN plasmonic nanopyramid array and zoom in of pyramids prior to
irradiation. Images provided by Alexander Raun.

and secured with a glass coverslip. The coverslip/epoxy/gold layers are template-stripped from the Si
substrate and flipped over to reveal the gold thin film atop epoxy nanopyramid array.

Ideally, in a final design, there would not be a gold layer present in this sample, however TiN sticks
to Si and cannot be easily template stripped via the same method. Therefore, solely as a preliminary
effort, TiN films sonm in thickness were first sputtered directly onto an epoxy array (no gold), how-
ever there was significant damage to the pyramids upon laser irradiation via this method and the cells
were not successfully permeated, therefore, next the TiN thin film was sputtered directly onto the
gold pyramidal array, using the gold as a buffer layer. An SEM of the resulting structure is shown in
Figure 7.22 (right). While the TiN sputtered onto the pyramids looks structurally sound, there were
large cracks in the TiN film in the regions surrounding the pyramids, likely caused by stress in the
film. In future experiments, the fabrication method will be improved to reduce these imperfections.
Regardless of the structural defects, this array allowed for successful permeation of the cell membranes

using TiN with high viability as will be shown in the following section.
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7.3.3 PRELIMINARY EXPERIMENTAL RESULTS

After the cells are laser-activated on the TiN micro-pyramid plasmonic substrate, whether the cell
membranes have been permeated and also whether the cells are still alive after the process is tested
by introducing two different dyes. Calcein green is a cell impermeable dye which can only be uptaken
into the cells if the membranes have been permeated during the cavitation process. The permeated
cells will fluoresce in green. An example image of cells taken on a TiN plasmonic substrate after ac-
tivation is shown in Figure 7.23 (left). For this therapy to work, the cells must be able to survive the
permeation process, therefore not only the permeability but also the cell viability after activation is
also important. The cell viability is measured using a different dye, Calcein AM. The viability after
activation on the same TiN plasmonic substrate is shown in the right-hand side of the figure. In this
experiment, a 1064nm 4ns pulsed laser was used with a repetition rate of soHz and fluence on the

order of 10-20mJ/cm? to to activate the substrates and permeate the cell membranes.

Figure 7.23: Optical image of different colored dyes showing successful cell poration and viability. Data pro-

vided by Alexander Raun and Nabiha Saklayen.

While this work is still quite preliminary, there are several important implications. First, is the con-
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firmed potential that TiN can serve as an alternative plasmonic material for biomedical applications
with low toxicity proven by the high viability of the cells measured after the experiment. More gener-
ally, this set of experiments has demonstrated the ability to deposit TiN on a wide variety of substrates
including flexible substrates using the techniques developed within this thesis. While the plasmonic
quality of this material is not as high, for example, as that of epitaxial grown TiN on MgO, even with-
out optimization of the sputtering recipe TiN of plasmonic quality was still able to be sputtered even
onto an epoxy polymer substrate. With previous methods for growing plasmonic TiN requiring tem-
peratures >600°C, the use of epoxy as a substrate would have seemed impossible. Therefore, above
and beyond the interesting potential photothermal medical applications for which TiN shows signif-
icant potential, the ability to sputter plasmonic quality TiN at room temperature allows for possibil-
ities previous unconsidered including flexible substrates such as shown here. An example is shown in
Figure 7.24 in which part of the template stripped epoxy substrate has curled up, yet the TiN pyramids

have remained intact.
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Figure 7.24: SEM of TiN plasmonic pyramid array sputtered at room temperature onto flexible polymer
epoxy substrate. Image provided by Alexander Raun.
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Conclusions

Recently, interest in applying materials research within the field of plasmonics to pursue materials
which are tailored specifically to a particular plasmonic operation and operating wavelength has surged.
This has resulted on the investigation of the potential compatibility of a wide array of materials with
plasmonic device design. One of the suggested materials, titanium nitride, has been shown to exhibita
wide array of optical properties depending on the methods and particular conditions under which the
film is deposited. The method of deposition chosen in this study was magnetron sputtering. A care-
ful study was presented in this thesis discussing the ways in which the optical, electrical, and structural
properties of these films are related and how they can be controlled through variation of the sputtering
deposition conditions.

Large variations in the optical behavior in the sputtered films were seen based on the chemical com-
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position and bonding. For oxynitride films with large oxygen content (greater than approx. 25-30
atomic%) the films were significantly less conductive and some even exhibited optical properties sug-
gesting dielectric behavior. As the amount of incorporated oxygen was lowered, how the nitrogen was
bound within the films played a more important role than the absolute Ti:N:O ratio. Films with more
N bound to Ti exhibited more negative real parts of the permittivity (more metallic optical behavior)
than those with more N bound in oxynitride form. Finally, ‘more crystalline’ films did seem to exhibit
lower optical losses than highly nanocrystalline films. Films with lower oxygen content (less than ap-
prox. 10-15%) were in generally fairly metallic. For films with similar oxygen incorporation, more
crystalline films (such as epitaxially grown or those with larger crystal grains) were in general more
metallic than noncrystalline films; however, even epitaxially grown films were seen to be less metallic
than polycrystalline films when the polycrystalline films had less incorporated oxygen. In summary,
the chemical composition, chemical bonding, and film crystallinity were all seen to have effects on the
resulting optical behavior of TiN and TiOxNy sputtered films.

The metallic character can be controlled by careful optimization of the sputtering deposition con-
ditions. In general it was found that to have a metallic film, either the TiN needed to be sputtered at
elevated substrate deposition temperature or with an applied substrate bias. This is due to the effects
on the oxygen incorporation as well as crystallinity. By sputtering at elevated substrate temperatures,
the amount of oxygen present in the films is reduced and larger crystalline grains are observed. The
metallic character increases gradually as the temperature increases. In addition, applying a negative
substrate bias while sputtering (approx. 8o-100V) significantly reduces the atomic % oxygen incorpo-
rated during film growth. Using an applied bias also allows sputtering of metallic TiN films at room
temperature which allows for deposition on a number of substrates which were previously inaccessi-
ble and confirms the potential CMOS compatibility of this material. Films sputtered with an applied
bias in general are less ordered with more nanocrystalline grain structure however as compared to films

sputtered with larger deposition temperatures, so there may be some tradeoff. Of the (100) MgO, c-
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plane sapphire, and (100) silicon substrates which were tested, the most crystalline growth achieved
was highly textured heteroepitaxial growth on an MgO substrate via reactive sputtering due to the
close lattice match between the TiN and MgO lattices. However, with the addition of an applied sub-
strate bias, highly metallic films were also routinely sputtered onto sapphire and MgO substrates but
with smaller grains and higher losses.

The high plasmonic quality of the optimized TiN films were confirmed via fabrication and mea-
surement of the plasmonic response of several benchmark structures, namely: surface plasmon grat-
ing couplers, nanoantennas resonant in the mid-infrared, and nanopyramids for photothermal drug
delivery. Owing to advantages of the the robustness, chemical stability, biocompatibility and CMOS-
compatibility of TiN as well as the controllable nature of its optical nature, there is significant potential

for this material to greatly increase the visibility of plasmonic devices in everyday technology.
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Extended list of TiN samples and

deposition conditions

This Appendix includes a listing of the full deposition conditions for the sputtered TiN, TiOxNy and
ITO samples. The first column of each table describes the same name or number as referred to within
the thesis. For TiN, which was sputtered both reactively and non-reactively, the next column indicates
which was used (reactively (R) when Ti Target was used, or non-reactively (NR) when TiN target was
used.) Next, the magnetron gun sputtering deposition power (PWR) is specified in Watts and as either
RF or DC. The base pressure of the chamber is specified prior to flowing in any gases and sputtering

in Torr. All TiN samples were sputtered at an overall deposition pressure held constant at 4mT and
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all ITO at 3mT. Starting with sample TiNz1, all TiN depositions were performed in chamber SP-2
(6 target AJA load-locked sputtering chamber described in detail in Chapter 2). The first samples,
TiN1-20, with the exception of TiN3 and TiN7 were instead sputtered in chamber SP-3 (a 3 target
AJA sputtering chamber, without load lock). Al ITO samples were sputtered in the SP3 chamber
with the exceptions of ITO7 and ITO8 which were sputtered in the SP-2 load-locked chamber. The
Ar, N,, and O, columns refer to the sputtering gas flows rates in scem and the substrate deposition
temperature is specified next with RT = room temperature and other values specified in °C. Applied
substrate bias values were applied using an RF source and were measured in volts. Time column shows
the total length of sputtering in minutes. A second value indicates the length of time a capping layer
was sputtered on top of the TiN film. The final column lists the substrates onto which TiN was
simultaneously deposited during that run with PR = photoresist on silicon substrate, Si = (100) p-
silicon, Ge = germanium, g = glass slide, SiO, = SiO, on Si substrate, MgO = (100) MgO, Saph =
(ooor) sapphire, GaN = gallium nitride, Mazur = pyramid array, and finally a G or Giessen = for
collaboration with Giessen Group. MgO substrates were bought in 10 x tomm squares in packages
of s-10. The notation (new) indicates that the first of a new shipment of these substrates were used.

Pre-sputtering of the targets was done prior to deposition for all round starting with TiNi3.
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# | Reac | PWR Base Ar | N, | Temp. | Time Subs
1 | NR | 50RF 2.9¢-7 5| - RT 20 S$1,Ge,g,PR
2 | NR | 2oRF 2.9€-7 15 | - RT 3 Si,Ge,g,PR
3 R 150 RF 4e-7 | 18 RT 45 Si,Ge,g,PR
4 | NR | 150 RF 8.4e-7 15 | - 350 25 Si,Ge,g,PR
5 R | 300DC 2.7€-7 2 | 8 RT - S$1,Ge,g,PR
6 R | 300DC 2.7€-7 4 | 6 RT - S$1,Ge,g,PR
7 R | 250DC 2.5e-6 15 | 3 RT 20 Si,Ge,g,PR
8 R | 250DC 2e-7 4 | 6 RT 25 Si0,,Ge,g,PR
9 R | 250DC 4e-7 4 | 6 50 - Si02,Ge,g,PR
10 R | 250DC 3.6e-7 4 | 6 RT 6o §i0,,S1,g, PR
ot R | 250DC | 48¢7'RT | 4 | 6 400 25 SiO,,g
2 R | 250DC 1.8e-6 4 | 6 500 30 §i0,,S1,g,Ge
3 R | 200DC | 3.2e7*RT | 10 | 5 600 25 §i0,,S1,g,Ge
14 | R |200DC 3.1e-7 0| 5 RT 31.5 §i0,,S1,g,PR
Is R | 200DC 8.5e-7 4 | 6 600 23 Si0,,Si,g
16 R | 250DC Lie-7 10| s 50 25 Si0,,Si,g
17| R | 250DC 5.7¢-7 2| 4 RT 17 Si,Ge,g
18 R | 200DC 1.3e-6 4 | 6 600 75 Si,Ge
19| R |200DC 1.3e-6 4 | 6 600 2 S1,Ge,Saph
20| R | 200DC 9.2€-7 4 | 6 600 76 S1,Ge,Saph
21| R | 200DC 2.5e-6 8 | o | 6oo 60 §i,Saph
22| R |200DC 9.8e-7 8 | 12 600 6o Si,Saph, MgO
23 | R | 200DC 2.4€-7 | 8 600 60 Si,Saph, MgO
24 | NR | 150 RF 4.9e-7 40 | - 600 45 Si,Saph
25 R | 200DC 1.4€-6 | 4 600 60 §i,Saph, MgO
26| R | 200DC 5.2e-7 | 8 600 47 §i,Saph, MgO
27 | NR | 150 RF 5.6e-7 40 | - 600 60 §i,Saph, MgO
28 | NR | 50 RF 2e-7 40 | - RT 60 Si,Saph, MgO
29| R |200DC 2.7€-7 2| 4 600 6o | Si,Saph, MgO(new)
30| R |200DC 2€.2-7 | 8 600 60 §i,Saph, MgO
31 | R | 200DC 207 | 8 RT 53 §i,Saph, MgO
32 | NR | 150 RF se-8 40 | - RT 55 §i,Saph, MgO
33 R | 200DC 3.2e-7 | 8 600 20 §i,Saph, MgO
34 | NR | 150 RF 3.0e-7 40 | - 600 o | Si,Saph, MgO(new)

Table A.1: List of Extended TiN & TiOxNy Deposition Conditions (No Bias, TiNr - 34)
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# | Reac | PWR | Base | Ar | N, Bias Time Subs

3 R |250DC| 38 | 12| 8 100 45/5SiNy | Si,Saph, MgO,SiN,
36 | NR | 150RF | 7¢-8 | 40 | - 108 45/5 Si,Saph, MgO

37 | NR | 150RF | 7.8¢-8 | 40 | - 108 4s/0 Si,Saph, MgO

38 | NR | 150RF | r.oe-7 | 40 | - 150 45/2 Si,Saph, MgO

39| R |250DC | 488 | o | 8 8 75/0 Si,Saph, MgO

40| R |250DC | 6.9e-8 | o | 4 128 75 §i,Saph, MgO(new)
41| R |250DC| 7e-8 | 8 | 12 | 18%/126 75 Si,Saph, MgO

42 | NR | 150RF | 7e-8 | 40| - 18%/90 90 Mazur, SiO,

43 | NR | 5oRF | se-8 | 40| - 18%/108 100/2 Si(G),Saph, MgO
44| R | 250DC | 4.9e-8 | 2 | 4 18%/12.6 35? Si,Saph, MgO

45 | NR | 150RF | 3.0e-7 | 40 | - 18%/83** 60 Si(noHF),Saph, MgO
46 | NR | 150RF | 5.4¢-8 | 40 | - 18%/99 60 Si,Saph

47 | NR | 150RF | 5.5¢-8 | 40 | - 14%/79 60 Si,Saph

48 | NR | 150RF | 4.8¢-8 | 40 | - 22%/112 60 §i,Saph

49 | NR | 150RF | 4.8¢-8 | 40 | - 18%/94 100 §i,Saph, Saph(G)
so | NR | 150RF | 3.9¢-8 | 40 | - 18%/95 50 Mazur

st | NR | 150RF | 5.6e-8 | 40 | - 18%/84 25 Saph w/Cr

s2 | NR | 5oRF | se-8 | 40| - 8%/83 32 Saph w/Cr

s3 | NR | 5o0RF | 3.8¢-8 | 40 | - 18%/83 168 MgO, Saph, Saph/Cr
s4 | NR | 150RF | 2.6e-8 | 40 | - 18%/83 16 Saph/Cr

s5s | NR | 50RF | 2.2e-7 | 40 | - 18%/83** 90 Saph, MgO

s6 | NR | 150RF | 3.7¢-8 | 40 | - 18%/80 59.5 Saph, Si, Au(Mazur)
57 | NR | 15soRF | 2.4e-8 | 40 | - 79-109 191.6 Saph(large), MgO
s8 | NR | 150RF | 2.8¢-8 | 40 | - | 18%/75-87 142 Saph(large),MgO
59 | NR | 50RF | 3.3e-8 | 40 | - 93-104 77 Saph(Giessen)
60| NR | 150RF | 3.8¢-8 | 40 | - 18%/87 75/13510, §1,Saph,SiO,

61 | NR | soRF | 2.6e7 | 40 | - | 18%/82-101 S1 MgO(G), Saph(G)
62 | NR | 50RF | 2¢e7 | 40| - | 15%/90-102 42.5 MgO(G), Saph(G)
63 | NR | 150RF | 4.5¢-8 | 40 | - 15%/97 165 Saph 2” wafer. MgO

Table A.2: TiN List of Extended Deposition Conditions (With Bias, TiN3s - 63). **All samples with bias
were deposited at room temperature, with the exception of TiN4s and TiNss which each had a substrate
temperature of 200°C in addition to the applied bias.
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# PWR | Base | Ar | O, | Temp. Time Subs
ITO1 | 6oRF | 3e6 | 15 | - 200 | 30(i3onmellips) | g,Ge,Si
ITO2 | 6oRF | 8e7 | 12 RT 30(85-9onm) g,Ge,Si
ITO3 | 6oRF | 1e-6 | 15 RT 30(83nm) g,Ge,Si
ITO4 | 6oRF | 7.7¢-7 | 12 RT 30 g,Ge,Si
ITOs | 6oRF | e7 | 12 RT aborted g,GaN,Si
ITO6 | 6oRF | 1.7¢-6 | 12 RT 10.5 g,GaN,Si
ITO7 | 6oRF | 1.6e-7 | 12 RT 9.25 g,5i
ITO8 | 6o RF | 1.6e-7 | 12 RT 9.25 g,51,GaN
ITO9 | 6o RF | 8.9e-7 | 12 RT 18.5(sonm) Si,g,GaN
ITO10 | GoRF | 7e-7 | 15 RT 9.25 2,51,GaN

Table A.3: List of Extended ITO Deposition Conditions
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Detailed Standard Operating Procedure for
AJA International ATC-2200-V

Sputtering Chamber for Metallic TiN

This appendix describes the standard operating procedures (SOP) in detail for using the AJA

International ATC 2200-V load-locked turbo pumped sputtering system at Harvard’s CNS, specifi-
cally to sputter titanium nitride thin films suitable for plasmonic applications on various substrates.
In general, for the substrates to be of plasmonic quality, we have found that they either need to be

deposited at high temperature (> 600°C) or with an additional applied bias substrate ( -80-100V).
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General Sputtering Procedure

1. Load empty substrate holder.

2. Pre-sputter Tiand TiN targets into empty chamber.

3. While waiting for 10-30min pre-sputtering to finish, clean substrates.

4. Unload substrate holder now coated with Ti/TiN.

5. Mount, then load substrates into chamber.

6. If depositing at elevated temperature, ramp up temperature.

7. Ramp up target to full power. If applying bias, turn on 20 sec before ramp is finished.

8. Open shutter and sputter desired films.

9. When done, close shutter and turn off bias (if applicable).

10. If depositing at elevated temperature, let samples cool under vacuum (until under so-100°C)

11. Unload substrates.

Now, I will describe the procedure in full detail including subtleties which I have found to be impor-
tant or useful with our chamber and particularly for TiN thin films, but first here are the conditions
I would recommend to try first for highly metallic TiN films. You may then adjust conditions as nec-

essary.

B.i RECOMMENDED STARTING PARAMETERS FOR HIGHLY METALLIC TIN FILMS

B.ux HIGH-TEMPERATURE, HIGHLY CRYSTALLINE ON McO

To sputter the most crystalline, lowest loss metallic films, use (100) MgO as a highly lattice-matched
substrate. Sputter at elevated temperatures (>600°C) and allow to cool under vacuum before venting

the chamber. Expect rates of approximately o0.5-0.5snm/min (but calibrate this as rates will change).
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High Temperature Suggested Starting Deposition Conditions

Reactive sputtering with Ti target
Power: 200W, DC
Deposition Pressure: 4mT
Base Pressure: <se-8 Torr
Gas flow rates: 12 sccm Ar, 8 scem N, Note: Rough starting point only

Temperature: 600°C and literature predicts higher temperatures may even be better

No substrate bias necessary

B.i2 ROOM TEMPERATURE PLUS SUBSTRATE BIAS, HIGHLY METALLIC ON VARIED SUB-

STRATES

To sputter highly metallic films both at room temperature and onto a wider range of substrates, an
additional bias is applied to the substrate during deposition. Suggested starting deposition conditions
are shown below. These have been shown to work relatively well on a wide array of substrates (c-

sapphire, silicon, epoxy, glass, etc.).

Room Temperature + Bias Suggested Starting Deposition Conditions

Non-reactive sputtering with TiN target
Power: 150W, RF
Deposition Pressure: 4mT
Base Pressure: <se-8 Torr
Gas flow rates: 40 sccm Ar
Temperature: 20°C

Substrate Bias: -8o to -100V
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B.. LOADING THE SUBSTRATE HOLDER INTO THE CHAMBER

1. When arriving at the sputtering chamber, first check that the sample holder has two screws without
clips across from each other as depicted in Figure B.1 (a). Mount the required number of sample

clips on the empty sample holder in the 4 remaining spots.

Figure B.1: (a) Empty sample holder with two screws for seeding into arm. (b) Empty transfer arm in load-
lock chamber

2. Insert the sample holder up-side down onto the arm in the load lock as shown in Figure B.2. The
two screws without clips on them should fit securely into the semi-circular notches on the transfer
arm shown in Figure B.1(b). On the back-side of the sample holder one of these screws should line
up with one of the three notches. This notch should point towards the main chamber as shown
by the white arrow in Figure B.2. This is so that when transferring the holder onto the propeller

you are able to align it easily though the chamber port window.

Figure B.2: Back of the sample holder sitting in the load lock. The opening shown screws into a propeller to
allow the samples to hang inverted above the magnetron sources.
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3. Put the lid on the load lock and flip the switch to pump down the chamber. Wait approx. 3-4 min
until the load lock pressure is in the 1077 mbar range. During this time, verify that the BLT is at

the transfer height of 34 or adjust using the motor control. See Figure B.3.
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motor control

BET
reading

Figure B.3: (a) Transfer height as depicted on BLT. (b) Motor control to adjust transfer height

4. After theload lock has reached 10™7 mbar range, open the valve to the main chamber (FigureB.4(a))
by spinning the silver knob/black wheel until it is full open. You will hear a click and the knob will

stop turning.

Figure B.4: (a) Gate valve. (b) Transfer arm with white arrow pointing to black magnet

5. Slide the black magnet on the load lock arm towards the chamber to transfer the sample holder
from the load lock into the main chamber. See Figure B.4(b). If the magnet feels like it is stuck, try
spinning it on the pole and then continue transferring. You may also need to spin it at the end to

get the magnet to stay all of the way at the end of the arm and align properly.
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6. Use the flashlight to look through the chamber port window of the main chamber. You should see
the sample holder sitting on the transfer arm directly underneath the propeller. Move the propeller
adjustment knob left/right to spin the propeller so that the 3 arms align with the 3 holes in the
substrate holder and then lower the propeller into the holder until there is only 1-2mm separation.
The propeller should look like it is continuously lowering down and should smoothly disappear
into the grooves. If it seems to stop when you get to the holder, DO NOT KEEP LOWERING
as the propeller arms and grooves on the back of the sample holder are misaligned and you could
bend the propeller or transfer arm. Sometimes you can fix a slight misalignment by again spinning
the black magnet gently on the transfer arm. If this does not work, raise the propeller, try to realign

and lower again until the propeller goes in smoothly.
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Figure B.s: (a) Confocal 6-target sputtering chamber setup. The substrate hangs upside-down inside the
chamber on a rotating stage at the position dictated by the white arrow. (b) After gate valve is opened, the
sample holder can e transferred into the chamber. The propeller is then lowered down into the grooves
shown and the thumbwheel spun clock-wise to lock.

7. Once the propeller is fully within the sample holder and there is only 1-2mm separation, spin the
thumbwheel at the top of the chamber clockwise to lock the sample holder into the propeller. See
Figure B.6(a). The wheel should spin easily and about 1/4 turn. If it does not turn smoothly, you

have either lowered the propeller too much or not enough. Use the flashlight to look through the
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window again and adjust the height.
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Figure B.6: (a) Thumbwheel to lock and unlock substrate holder from propeller. (b) Substrate rotation con-
trol knob.

8. Raise the propeller/sample holder up to the deposition height (BLT = 36)

9. Remove the transfer rod fully from the chamber and close the valve between the main chamber
and load lock. Turn on substrate rotation (Figure B.6(b)) and close the shutter over the chamber

viewport so that the window does not get covered during deposition.

10. At this point, if you have not already done so, log-in to interlock. (if no one is before you, you can

save a few minutes and do the steps above before logging in)

B.3 TARGET PRE-SPUTTERING AND DEPOSITION

Next, you should pre-sputter the targets to remove any oxides from their surface. By sputtering Ti
briefly with the target shutter closed, the hope is that some of the remaining oxygen in the chamber
is deposited inside the chimney and therefore not on the substrate holder. However, this cannot be
done for long as it will cause buildup and flakes in the chimney. Therefore, after a few minutes of
sputtering with the shutter closed, you should open the shutter and sputter into the chamber. This
will also coat the inside of the chamber and the substrate holder with a thin layer of Ti/TiN. This

pre-sputtering should be sufficient to get oxygen impurity concentration in the final TiN films down
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to <1o atomic%. I am not sure if it is possible to reduce the oxygen content much lower than this. This
is a shared chamber which is also used for oxides and has a minimum pressure of 1e-8 Torr. In general,
for the highest quality TiN deposition, ultra-high vacuum would be desired and a chamber dedicated
solely to nitride deposition.

You should always pre-sputter the target/s which you intend to use for your deposition, however
sometimes I would also do a quick layer of gold since it is non-reactive and sputters so quickly just to
try to stop anything from being ejected from the substrate holder/chamber and being incorporated
into my film. Sometimes I would sputter Ti for longer to try and lower the chamber pressure if it
was particularly high (e.g. 6e-7 to 1e-6 Torr). If depositing at elevated temperature, I would sputter a
relatively thick coating of TiN onto the empty sample holder before mounting the samples. This is to
prevent previous films sputtered into the chamber from melting when the substrate is heated and re-
depositing onto the back of the substrate (I did see this happen with gold a couple times). If you need
to pre-sputter without removing the holder from vacuum afterwards, there is a shutter onto which the
quartz crystal monitor is mounted which can be used to shutter the substrates from the pre-sputter

deposition. Ask the CNS staft for additional training on using this.

B.3.1 TARGET PRE-SPUTTERING AND SUBSTRATE CLEANING

1. Prior to pre-sputtering, note the main chamber pressure. Turn off the ion gauge. Check that the
sample is at deposition height (BLT = 36), the chamber view-port shutter is closed and rotation is

on.
2. Turn on the Ar and set the flow rate to 40sccm.

3. Click “pressure” and set to 2smTorr if sputtering from an RF source (TiN will always be in RF, Ti

could be in DC or RF) or set to 4mTorr if a DC source.

4. Once the pressure is stabilized, set the ramp time first and then the desired power %. For RF targets
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(Check the gun name on the laptop e.g. RF2, RF3,...) first set the ramp time to o seconds and
ignite at 10-20% power. Click the “on” button and the plasma indicator should turn purple. At
this point, reduce the chamber pressure to 4mTorr. Then, ramp over 1 Watt/sec to final deposition
power (usually s0%.). For example, for TiN, ignite at 10% (or 30W). Desired sputtering power is
50% (150W), so after ignition, set ramp time to 120 seconds first and then set deposition power to
50%. REMEMBER TO ALWAYS SET THE TIME FIRST BEFORE THE POWER. As soon as
you click out of the power box the ramping will start and going directly from 30W to 150W on a
ceramic target could crack the TiN and you will no longer be able to sputter. Slow ramp-up and
ramp-down is very important for non-metal, RF targets. For DC targets (e.g. usually Au, Ag, Tj,

etc), you can ramp right up to s0% power over 30 seconds at 4mTorr.

. After the power has ramped up to 50%, pre-sputter with the chimney closed for about 2-sminutes
(too long can cause flake buildup). After this, open the shutter by clicking the large green circle by

the gun in use and sputter for an additional 10-30 minutes.

. While the targets are pre-sputtering is a good time to clean your substrates if you have not already
done so. For TiN, the best substrates we found were (100) MgO and c-plane sapphire. For MgO,
the substrates came individually wrapped and are sensitive to moisture so I would not open them
until in the cleanroom and then just do a few minutes sonication in isopropyl alcohol (IPA) and N,
dry. For c-plane sapphire substrates which I had to cutinto smaller pieces, I would sonicate them for
approximately 10 minutes in acetone followed by 10 minutes in isopropyl alcohol (squirting IPA
on them during transfer as to not allow the acetone to dry). Then N, dry. I also tried baking some
substrates on the hot plate near 120 °C for a few minutes after N, dry to remove further moisture
but did not notice a significant result in film quality. I have read however that baking substrates
for an hour at high temperature while under vacuum can potentially allow them to outgas and

produce higher quality films. This may be worth looking into if sputtering at high temperature.
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10.

II.

I2.

13.

14.

When done pre-sputtering, close the shutter by again clicking the large circular button and then
ramp down for RF targets by 1 W/s (e.g. TiN, 120sec to 10% power) and for DC targets over 30 sec

to 0% power. When the ramp down has finished, click off for the plasma.
Click “open” for the pressure and turn off the Ar gas flow.

After a few seconds, turn back on the ion gauge and wait for the pressure in the main chamber to

drop below the load lock pressure.

Turn off rotation. Open valve between load lock and main chamber and slide in transfer rod all of

the way.

Rotate the substrate holder so that the two empty screws line up with the semi-circular grooves in
the load lock arm. Begin lowering down the substrate holder towards the load lock arm. As the
substrate holder approaches the arm, verify that the screws line up with the grooves and slowly
lower until the screws are fully within the grooves and the gap between the propeller/substrate

holder has almost closed.

Turn the thumbwheel counter clockwise (approx. 1/4 turn) to release the substrate holder from

the propeller. It should spin smoothly. If not try raising or lowering the propeller slightly.
Raise the propeller up to the transfer height (BLT = 34).

Pull out the transfer arm from the chamber, close the valve to the load lock completely and then

flip the switch to vent the load lock vacuum pump.

B.3.2 DEPOSITION

L.

Mount the clean substrates on the sample holder using the provided clips. Make sure to leave the

2 additional screws across from each other without any clips so that the holder will be level on the
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transfer arm. The substrates will hang up-side down within the chamber and the holder will rotate

so check them to make sure they are tight.

. Follow steps in the sections above again to load the samples, set proper chamber conditions, and

then ramp up the target to full power (with the shutter closed).

. Once at 50% power, you do not need to pre-sputter again since you have already done it. Using
the pre-determined rate, calculate the length of time needed to reach the desired thickness and
then open the shutter to deposit. Note the forward and reflected power as well as the DC voltage,

deposition pressure, and gas flow. Note the values in the interlock system.

. When the deposition has finished, close the shutter and then ramp down slowly as described earlier,

as to not crack the target.

. Follow steps 8 to 14 (section B.3.1) to shut off gas, pump down, unload chamber and vent load

lock to remove samples.
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Standard Operating Procedure for
Measuring TiN Spectroscopic Ellipsometry
Data

This appendix describes the basic operating procedures for using the WVASE Spectroscopic Ellip-
someter at Harvard’s CNS and the associated data analysis software from J.A. Woollam Co. Inc. In-

cluded are suggested starting SE data measurement parameters for titanium nitride thin films.
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C.1  GENERAL SPECTROSCOPIC ELLIPSOMETRY PROCEDURE

General Spectroscopic Ellipsometry Procedure

1. Turn on lamp. Wait approx. 1 hour for lamp to warm-up and stabilize before using the system.
2. Load the calibration sample and align.

3. Calibrate the hardware.

4. Mount TiN sample and repeat alignment procedure.

5. Set-up measurement parameters as listed below.

6. Take spectroscopic ellipsometry (SE) data.

7. Create a model for the sample as described in Chapter 3 to extract the thickness and optical constants.

C.2 SET-UP MEASUREMENT PARAMETERS

The following is a list of suggested starting SE measurement parameters for metallic TiN using a J.A.

Woollam WVASE32 vertical angle spectroscopic ellipsometer.
1. Range: 300-1700nm in s-ronm steps
2. Angles: 50°, 60°, 70° (based on advice from Woollam)

3. Revs per Measurement: 15-20 is generally enough for highly reflective samples such as TiN and
will make the scan go much more quickly. At shorter wavelengths, you may need a larger number
however, so also turn on dynamic averaging and set it to 100. The system will only use these extra
revs if a low signal is auto-detected. The RPM will need to be set much higher (could be 100-200)

for non-reflective samples.

4. Save the file during the scan: recommended every 3-s minutes. This setting doesn’t seem to slow

down scan much if at all and once the data is recorded, you can then open another instance of the
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software and begin working on the modeling while the scan is still completing.

. The skip wavelength range from 1300-1400nm box should be checked if using the standard optical
fiber. Checking this box will cause no data to be taken within this range. If you do not check this
box and see spikes in your data, you are likely using the standard optical fiber which has transmis-

sion dips within this range.

. Isotropic measurement: This setting is generally okay for metallic TiN. (You should verify that
the Autoretarder and depolarization are off, or the measurements will take much longer. These

settings may be needed however for higher oxynitride content films or other anisotropic films.)
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