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Abstract

This thesis focusses on the investigation of the suitability of Mn and Ti based self-forming
barriers for future generation of interconnects on both thermally grown SiO, and low-k
dielectrics. The self-forming barriers chemically interact with the insulating substrate forming
diffusion barriers upon annealing and this fabrication approach has potential application in
future generations of interconnect technologies as the resultant barriers can be significantly
thinner than the conventional deposited barrier layers. The principle in situ characterisation
techniques used to study the interface chemistry resulting from the interaction of deposited
films with the insulating substrates were soft and hard x-ray photoelectron spectroscopy (XPS
and HAXPES). Secondary lon Mass Spectroscopy (SIMS) measurements provided information
on the structure of the barrier layers which could be correlated with the XPS results while the
electrical measurements (four-point probe and CV measurements) helps in studying the
feasibility of the self-forming barriers. Comparison of Mn based diffusion barriers with and
without the incorporation of nitrogen in the film showed that the introduction of nitrogen
improved the adhesion of the copper to the dielectric while chemically both had similar
interfaces. Cu based alloy films of Mn and Ti were prepared and analysed and showed that
both alloying elements improve the adhesion and electrical characteristics compared to pure
copper films. However, while Mn forms a dielectric barrier of manganese silicate, ultra-thin
films of Ti on SiO, based dielectrics showed the preferential formation of titanium silicide.
Thick cobalt/titanium alloy films were also investigated as a potential interconnect and
showed the possibility of using a cobalt based alloy as a replacement for copper and barrier

stack for future generations of interconnects.
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1.Introduction

Gordon Moore, co-founder of Fairchild Semiconductor and Intel, made one of the
most famous and important technological observations in semiconductor history[1]. In 1965,
he noted that the number of transistors in an integrated circuit (IC) doubles approximately
every two years and he asserted this rate of growth would continue for at least another
decade. Afterwards, the forecast period has been extended for future transistors and IC
manufacturing and his statement is referred to as Moore’s law and is shown in the figure 1.1

below.
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Figure 1.1: Moore's law applied to Intel microprocessors[2]



Moore’s law has driven the semiconductor industry to produce integrated circuits
(ICs) of smaller size down to transistor gate lengths of 22 nm and 14 nm[3] with a modern
microprocessor containing several billion transistors. According to a recent report from the
International Technology Roadmap for Semiconductors (ITRS), transistors could get to a point
where they could shrink no further by as soon as 2021[4]. It will be no longer economically
viable to make them smaller, finally putting an end to Moore’s law. In theory, they will reach

prohibitive costs and it will be impossible to continue on this path.

The other limitations in doubling the number of transistors include inevitable
generation of heat that is unavoidably generated when more and more silicon circuitry is
jammed into the same small area, high source to drain leakage current, limited gate material
systems resulting in response time delay. So, for the projection of Moore’s law to continue
and also to have the transistor size further reduced, research is being undertaken on

materials, their growth and the development of new fabrication techniques.

1.1 Various components of ICs and Issues in scaling:

A typical IC cross sectional image is shown in figure 1.2. It can be divided into three
broad regions - Front-end-of-the-line (FEOL), Back-end-of-the-line (BEOL) and advanced

packaging contacts.

FEOL is the part where the active individual transistors components are present while
Back-end-of-the-line starts from the first layer of metal deposited to connect various active
components together. It extends up to several levels including insulating layers, bonding sites

and ends at contacts for packaging.

One of the main issues with scaling is response time delay[5]. As the size of the
transistor node goes down, time delay increases and in sub 20nm nodes, the time delay due
to the BEOL components dominates than the FEOL components as graphically shown in fig

1.3.
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Figure 1.2: Schematic of modern ICs showing various components and Cu interconnects connecting
them [4]

The previous generation of interconnects used Al interconnect with SiO, dielectric
(Indicated by blue line in plot). As the time delay due to interconnect dominated more than
that of the gate oxide, Cu was introduced as the alternate interconnect metal. On further
scaling, the barrier stack was ineffective in preventing copper diffusion on scaling below 5nm
and hence the total resistivity of the barrier/interconnect stack increases. So, in less than
10nm nodes (indicated by red line in plot), the RC time delay due to the BEOL increases and

a new barrier/interconnect stack as well as a low-k dielectric was required to reduce the RC

time delay.
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Figure 1.3: Comparison of response time delay due to gate oxide and interconnects [6]

Back-End-of-the-Line (BEOL) generally consists of metal interconnects, insulating
layers and contacts for packaging sites. From the figure 1.2, it is observed that a high
percentage of the BEOL of the IC is made up of interconnects and the surrounding inter layer
dielectrics (ILDs). Hence suitable interconnect and ILD material systems are required for

better functioning and reduced time delay of the IC.
The general requirements of a BEOL interconnect material is:

e Low resistivity

e Resistance to electro-migration

e Low capacitance

e Ease of fabrication

e Stability during manufacturing processes

e Good adhesion to insulator and other surrounding layers

e Good electrical contacts

Originally aluminium was used as the interconnect material of choice due to its

relatively high conductivity and good adhesion properties to dielectric materials. But as the
number of transistors increase in the microprocessor, the interconnect dimensions had to be
shrunk so a metal with higher conductivity was required. The integration of copper into

interconnect fabrication has been challenging due to the tendency of copper to diffuse into



the surrounding insulator layers, which are generally composed of mainly silicon dioxide
based materials causing reliability issues and degradation of the electrical properties of the
IC. Regardless of the disadvantages, introduction of copper as interconnect metal increased

the performance of the devices in the front-end-of-line (FEOL).

1.2 Requirement of Diffusion barrier for copper interconnects

Electromigration is the phenomenon of momentum transfer between conduction
electrons and metal ions which make up the structure of the interconnect material. In
particular, when the current passes through a conductor, the electrons moving from one end
to the other end, can collide and transfer some of their momentum to the metal atoms which
can gradually move at high currents. Cu atoms exhibit high electromigration[6][7] causing a
void within the metal lattice thereby leading to the failure of the interconnect. Hence there
was a need for new methods of preventing diffusion of copper into the ILD materials. A typical
electromigration of metal lattice at high current density and the corresponding void

formation in the lattice is shown below.

= [ - |

Figure 1.4: (a) electro migration of the metal creating a Void in metal lattice[8] (b) SEM image of the
voids in ULSI Cu interconnect system [9]

Diffusion barriers are material systems used for the sole purpose of preventing copper
diffusion at the copper/dielectric interface. Among the material systems used, tantalum has
shown excellent properties as a diffusion barrier[10][11][12]. A typical diffusion barrier stack
with a Cu interconnect layer is shown in figure 1.4. Although the diffusion issues were

addressed, issues arose due to adhesion of interconnect metal and the barrier to the ILD



surface. Eventually a stack of Ta/TaN was introduced to solve both the diffusion and adhesion
issues. TaN acts as a barrier while Ta metal provides a better adhesion for copper to the

barrier layer.

100 nm

Figure 1.4: Current Ta/TaN copper diffusion barrier layer structure

1.3 RC Time Delay

The resistance-capacitance (RC) time delay is defined by the equation,
t=R.C (1.1)

Where tis the response time, R is the resistance of the interconnect and C is the capacitance
of the interlayer dielectric material. For a better response time, we should have a low
resistance as well as low capacitance for the interconnect and ILD systems, respectively. As
the size of the transistor shrinks so does the size of the interconnects. As the resistance of the

interconnect is given by the equation,

p.L

R=——
A (1.2)

whereA=wxh

W

Figure 1.5: Resistance in copper interconnect lines



From equation 2, the smaller the cross-sectional area (A) of interconnect, the greater the
resistance which in turn increases the power consumption in the line. As the size of the
transistors decrease, so do the volume of the interconnects and consequently requires a

decrease in thickness of the diffusion barrier stack for better efficiency of transistors.

1.4 Requirement for alternate diffusion barrier layers

As the size of the interconnect decreases an additional requirement is that the size of the
required barrier layers also reduces to maintain dimensional scaling. Below 5 nm line width
of the IC nodes, the effectiveness of the Ta/TaN barrier/adhesion stack decreases in
preventing copper diffusion. So, a different barrier layer has to be introduced to replace
Ta/TaN at very low thickness in the range of less than 2-3 nm as the interconnect thickness
will be reduced further in future technology nodes. The barrier layer must be uniform as well
as conformal and preferably can be deposited by currently available techniques for ease of
fabrication. Ideally the metal-barrier resistivity should be less than that of aluminium (2.8uQ
cm). Therefore, there is a need to develop new scalable barrier layer solutions for future

interconnects geometries

1.4.1 Manganese nitride-based copper diffusion barriers

From equation 2 it can be stated that by having a larger cross section area of the
copper interconnect, the resistance of the interconnect line can be reduced resulting in
reduced time delay. One of the methods is to reduce the thickness of the barrier stack by

having a single layer acting as both a diffusion barrier as well as an adhesion liner for copper.

Traditionally, metal nitrides have been used as an adhesion buffer layer for
interconnects on the barrier metal (TiN/ Ti stack for Al interconnect and TaN/ Ta stack for Cu
interconnect). While the buffer layer helps in the adhesion, with its presence, the area

available for the copper interconnect consequently reduces.



Among the alternative barrier layer materials currently under investigation are
manganese based barrier layer systems[13][14][15]. Fabrication approaches involving
manganese based barrier layers have shown that upon thermal annealing, the manganese
forms manganese silicate at the dielectric interface which has been shown to be a good
copper diffusion barrier[16][17]. One of the main challenges with the integration of the
copper-manganese system is the adhesion of the copper to the barrier layer/ dielectric stack.
As mentioned above, in previous technology nodes, the incorporation of nitrogen into
metallic barrier layers has been shown to improve adhesion[18][19]. Following this trend of
metal-nitrides as the buffer layer for adhesion of the metal, manganese nitride has gained

some interest as a potential buffer layer for manganese-based barriers.

Early work on the formation of manganese nitride involved the use of bulk powders
prepared by treating pure manganese in an ammonia atmosphere at high temperatures
(>1000°C)[20]. This approach to forming manganese nitride was aimed at forming thick films,
and the temperatures involved are beyond the thermal budget for BEOL processing. Some
efforts to form and characterise manganese nitride thin films involve ion implantation using
anion gun[21]. Liu et al. in their work introduced nitrogen ions to a Cu lattice and deposited
manganese which then forms manganese nitride on further treatment[22]. X-ray diffraction
(XRD) studies confirm the various phases on thermal treatments but the amount of nitrogen
that can be incorporated into the metal lattice was not studied in detail. In any case, the use
of anion gun is largely incompatible with CMOS processing. For incorporation into Ultra Large
Scale Integration (ULSI) processes, the deposition of MnN by methods such as Chemical

Vapour Deposition (CVD) or Atomic Layer Deposition (ALD) would be desirable.

In this work, we have undertaken a detailed X-ray photoelectron spectroscopy (XPS)
analysis of CVD deposited manganese nitride layers to understand the chemical composition
and chemical state of manganese and nitrogen (oxidation state, single or multi-phase, etc.).
Previous studies on the electrical characteristics of the manganese nitride films showed
promising results [23]. Furthermore, we characterised metallic manganese films on the same

dielectric substrate in order to better understand the impact of nitrogen from the ion gun on



the chemical interactions within the material system. The surface morphology of the films
was studied using atomic force microscopy (AFM) to gauge surface roughness and in
particular the impact of nitrogen incorporation on the surface topography. As adhesion is one
of the key drivers for nitrogen incorporation, we also qualitatively test whether adhesion is
indeed improved by nitrogen by the deposition of a copper layer on top of the Mn and MnN
films and subsequent tape test using scotch tape. The strength of adhesion can be determined
by the delamination of the films after the tape test. Since numerical values cannot be

obtained through this method, this technique is referred to qualitative analysis of adhesion.

1.4.2 Self-forming barriers

An alternative solution to achieving a reduced thickness of diffusion barrier layer
thickness is by using the so called self-forming barrier technique. The main advantage of self-
forming barrier over nitride barriers is, it is useful in addressing some of the issues regarding
the conformal barrier layers, scalability and low thickness range of the diffusion barriers.
Various methods of self-forming barriers have been explored but the main principle is that a
thermal anneal results in the expulsion of an alloying element from a deposited Cu/metal
alloy resulting in the element reacting with the dielectric surface to form a stable barrier layer
which is few atomic layers thick [24] as shown in figure 1.3 below. This in turn reduces the
volume of the barrier layer being deposited directly as the barrier layer forms in the first few
atomic layers of the dielectric. As the volume of the interconnect channel occupied by the
diffusion barrier is now reduced, there is a greater residual volume available for copper

resulting in a decreased resistance and consequently in the related time delay [25][26].

1.4.2.1 Copper based Alloy self-forming barriers

One of the most widely-explored methods of self-forming barriers is depositing a
copper-based alloy with high conductivity element (eg. Mn[27], Ti[28], Ru[29] etc.) and on
thermal anneals, the alloying element would segregate to all interfaces due to difference in

the diffusivities between the Cu and the alloy metal, forming a metal silicate diffusion barrier



with the dielectric while excess metal at the surface forms a metal oxide which can be later

removed with further fabrication processes.

Cu based self- forming

barrier film

Film Depositior
>

Thermal anneal

Excess metal oxide

Diffusion barrier

Figure 1.6: Self-forming barrier process overview

At room temperature, the deposited alloy is stable and a thermal anneal causes the
segregation of the alloying material from the bulk interconnect line towards all surrounding
surfaces of the conducting wire, including the interface between the metal and the inter-layer
dielectric. Ideally, as the alloying metal reaches the interface with the ILD, it chemically reacts
with the ILD surface to form a stable metal oxide or metal silicate barrier which should act to
prevent Cu diffusion into the dielectric layer.

Generally, an alloying material is a suitable candidate to create a self-forming barrier
if it has following characteristics:

e prevents any Cu diffusion from the metal line into any surrounding ILD materials;
e promote adhesion between the Cu line and the inter-layer dielectric since the copper

has a poor adhesion to any Si based ILD material;
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e can form barrier layer thin enough and capable of further scaling in future generations

of interconnects [15].

As the alloy is being deposited in a single step instead of sequentially, the stringent
thickness constraints for the deposition of sub 10 nm level interconnects can be achieved.
Also, there is no need for a separate adhesion buffer layer as the diffusion barrier itself
enhances the copper adhesion. As the alloying element segregates, the total resistivity of the
self-forming barrier films are found to approach the resistivity of the copper metal thin

film[13].

The Cu-Al metal alloy system has been investigated as a potential barrier layer [17]. It
has proven to be effective in preventing electromigration Also, aluminium forms aluminium
oxide with commonly used SiO; based dielectrics in IC manufacturing, thereby forming a
highly insulating diffusion barrier. As the desirable factor in future interconnects is reducing
the resistivity of the barrier stack, Al as an alloy metal with copper is not suitable for future

diffusion barrier applications.

The recent studies have focused on the manganese based diffusion barrier system
which has potential as a self-forming barrier composed of manganese silicate [24][30] which
has proven to be a good copper diffusion barrier. Although, manganese silicate tends to be
insulating (k=5.4), the barrier is scalable to the required thickness by adjusting the

temperature of the segregation anneals.

Another candidate for the alloying metal is titanium [31][32][28]. Titanium, upon
deposition on SiO,, preferentially forms titanium silicide and does not prevent copper
diffusion as copper forms copper silicide [33] at industrial processing conditions. But alloy
properties of titanium with copper completely differs to that of pure Ti deposition. Also,
previous generations of interconnects using titanium in the diffusion barrier stack helped in

integration with well-established IC fabrication processes.
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In the current work, ultra-thin (10nm — 20nm) alloys of Cu with Mn and with Ti (20
atomic %) were sputter deposited onto 20 nm thermal SiO, which was grown on a silicon
substrate. The chemical interactions between the deposited films and the SiO; surface were
investigated by a range of spectroscopic techniques as a function of thermal anneal. Thicker
alloy layers of Cu/Mn and Cu/Ti were deposited under identical conditions to fabricate MOS
capacitors which were characterized by electrical measurements. A standard reference of
pure Cu was deposited under similar conditions and the alloys films were compared with the

Cu reference for effectiveness of the barrier layer as a function of thermal anneal.

1.5 Requirement for an alternate interconnect metal

The resistance of the Cu interconnect rapidly increases with the decrease in size of IC
nodes and approaches unacceptably high values for sub-10 nm nodes as shown in the figure
1.6 below. Despite bulk resistivity being low, resistance of the Cu interconnect line rises
rapidly on scaling as a result of increased electron scattering from small Cu grains and diffusive
surfaces [34]. The need for a thick, and often highly resistive Cu barrier layer further reduces
the volume available for Cu metal and increases Cu line resistance. Thinner alternative Cu
barrier materials and their effect on Cu are being explored to extend Cu for BEOL[27] [35].
However, at future nodes Cu interconnects will become increasingly difficult to meet both
line and via resistance technology targets with reliability. Thus, increased efforts in exploring
Cu replacements [36] such as graphene [37] and cobalt (Co) for vias [38] as well as

interconnects [39] continue to rise.

Although, Co is a possible candidate for both vias as well as BEOL interconnect, the
resistivity of the Co line is reported to be around 30 uQcm [41] for a 5 nm thick film which is
much higher than the comparable value for copper (1.7E-8 Qm). However, as Co does not
require a discrete barrier layer its elimination results in a larger fill volume for the Co which
helps in compensating for the increase in the resistivity of the Co interconnect lines. A
decrease in resistivity of 30% has been reported for Co contact nodes and vias for future

technology nodes [42][43].

12



Core (copper)
line width
—

Core (copper)
line width
<+

Figure 1.7: Changes in copper line resistance with decrease in line-width of IC node[40]
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Another issue with using Co is that it needs an adhesion liner material. One of the
potential candidates for this is an alloy of Cobalt rich CoTi configured as a self-forming
liner/barrier. CoTi is reported to have a good adhesion, low resistivity and good barrier

properties[44] for Cu on SiOa.

In this work, an ultrathin (10nm — 20 nm) alloy film of CoTi (20% Ti) is deposited upon SiO;
films and spectroscopic techniques are used to determine the chemical interactions at the
interface of the alloy and substrate and the effect of vacuum annealing is analysed. To
compare the effect of alloy deposition to a pure metallic Ti deposition on SiO», a highly
controlled e-beam deposition of ultra-thin Ti films was undertaken on a similar substrate and

the interface chemical interactions were investigated as a function of deposition and anneal.

1.6 Alternate Substrate dielectric materials

As discussed earlier, the response time delay not only depends on the resistance of the
interconnect line, but also on the capacitance of the ILDs. The most commonly used ILD
material is silicon dioxide (SiO2) which has a dielectric constant of 3.9. As the scaling of the IC
devices continues, there is a need for low — k dielectric in order to reduce the RC time delay

by reducing the parasitic capacitance of the ILDs.
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Figure 1.8: Basic structure of a capacitor

Capacitance of a dielectric can be defined as:

A

Capacitance C = g, &, 2

(3)

where g is the permittivity of the free space and & is the relative permittivity of the dielectric,
A and d, are the area and thickness of the dielectric, respectively. From the equation, we can
see that A and d are constrained due to the desired size of the transistor node and the only
parameter that can be adjusted to reduce the parasitic capacitance is the relative permittivity
of the material. Relative permittivity of the dielectric, also known as the dielectric constant of
the material can be defined as the ratio of total permittivity to the permittivity of the free

space.

Dielectric constant k = gi (4)
0

Here, € is the total permittivity, while go is the permittivity of free space. Dielectric constant
is helpful in defining the polarizability of the given dielectric and also how fast the capacitive

switching is possible.

One of the disadvantages of decreasing the substrate capacitance is the decrease in
eleasticity of the material thereby producing integration challenge and as a result leads to

reliability, stress, adhesion and packaging issues[45]. The following graph shows the possible

14



k-values with introduction of carbon doped glasses which are widely researched as a

replacement for existing SiO, substrate.

Fig 1.9 shows dielectric constants of various dielectrics including carbon doped
glasses. The effectiveness of the dielectric reliability is usually tested using the technique time
dependant dielectric breakdown (TDDB). The reliability testing, modelling and simulation
carried out by semiconductor manufacturing industries using TDDB, shows that the dielectrics

with dielectric constant of less 2.5 is required in 32nm nodes and below [3].
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Figure 1.9: graph of change in elasticity with dielectric constant (k) in carbon doped glasses

A common way to develop a low — k dielectric is by introducing carbon into the lattice
resulting in reducing the polarity of the Si — O bonds and consequently the dielectric constant
[46]. The most commonly investigated low — k dielectric materials are the carbon doped
oxides (CDOs) where some of the Si — O bonds are replaced by Si — CHs bonds. The structure

of a carbon doped oxide is shown below:
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Figure 1.10: Chemical structure of a CDO based dielectric[47]

Another technique used to reduce the dielectric constant is by introducing porosity
into the dielectric structure [48]. Figure 1.10 displays a schematic structure of a porous CDO
substrate where the presence of voids reduces the dielectric constant of the material. One of
the techniques generally used for depositing a porous substrate is through dip coating where
the substrates were introduced into porogen solutions for few hours and then the substrates
were baked to remove the solvent. Although, introducing porosity is efficient in reducing the
dielectric constant, reliability issues arise due to the leakage at pores as well as diffusion of
any barrier layer material and copper into this porous structure[49][50]. There are frequently
manufacturing difficulties with these materials as the presence of voids reduce the Young’s
Modulus making these materials more susceptible to failure[51]. In order to effectively use
the porosity further treatments like pore sealing has to be done before the fabrication

process.
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Figure 1.11: Structure of a porous CDO substrate

In this work, a prototype spin-on-glass (SOG) substrate manufactured by IMEC with a
dielectric constant of ~2.2 and a carbon content of 24% was used in the analysis of ultra-thin

Ti deposited films by chemical spectroscopic techniques.

1.7 Thesis Overview

Chapter 2 describes the theory and working principles of the experimental techniques
used in this thesis. The main technique used is photoelectron spectroscopy (both
conventional X-ray Photoelectron Spectroscopy (XPS) and the high-energy variant Hard X-ray
Photoelectron Spectroscopy (HAXPES). Other techniques used in this work were Secondary
lon mass Spectrometry (SIMS) and X-ray Absorption Spectroscopy (XAS) for the material
characterization while Atomic Force Microscopy (AFM) is used for analysing the surface
morphology of the samples. Capacitance-Voltage (CV) analysis and four-point probe electrical
measurements (FPP) were used to characterize the effectiveness of the diffusion barrier

materials while tape test is used to test the adhesion of them to the substrate.

In chapter 3, the effectiveness of introducing nitrogen into metallic Mn films is
analysed using XPS for the formation of manganese silicate diffusion barrier while tape testing
is used on manganese nitride and metallic manganese to test the adhesion of the films on

SiO; substrates.
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Chapter 4 describes the possibility of using copper based alloys (Cu 80%:Mn20% and
Cu80:Ti20%) as potential future interconnect solutions with the alloy chemical interactions
with dielectric substrates being characterized using XPS, HAXPES and SIMS and also to
observed the changes following high temperature anneal. Similar alloy targets are used to
fabricate MOS capacitors in the SiO; substrates to study the electrical characteristics of these
devices. A pure copper reference film is deposited using similar conditions and compared with
the alloys to assess their effectiveness at preventing diffusion of copper into the dielectric for

future interconnect applications.

In chapter 5, the possibility of using Co in future generations of BEOL interconnects is
analysed and also the integration of low — k dielectric as the ILD material. A photoemission
study of the deposition of an ultra-thin Ti film on SiO; and a low — k dielectric is presented in
order to comparatively study the effects of the low-k on the chemical interactions at the
interface. An alloy of CoTi (20% Ti) is deposited using sputtering and characterized using

HAXPES and XAS as a possible adhesion liner for future Co interconnects.

Chapter 6 summarizes all of the studies undertaken in this thesis and draws overall
conclusions based on the work. It also outlines possible future work that could be carried out

based on these findings.
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2 Experimental Techniques and Principles

The principal material characterization technique used in this report is X-ray
photoelectron spectroscopy (XPS) and its high energy variant Hard X-ray Photoelectron
Spectroscopy (HAXPES). Electrical characterization was carried out using four-point probe
(FPP) method and capacitance-voltage (CV) probe station at Tyndall National Institute. The

surface morphology studies were carried out using the Atomic Force Microscopy (AFM).

2.1 Principles of Photoelectron Spectroscopy:

2.1.1 X-Ray Photoelectron Spectroscopy

The main technique used in the work is X-Ray Photoelectron Spectroscopy (XPS) and
its high energy variant Hard X-ray photoelectron spectroscopy (HAXPES). XPS works on the
principle of the photoelectric effect which states that when a photon is incident on a material
with energy higher than its work function, photoelectrons are emitted. According to Einstein’s
photoelectric equation, the kinetic energy of the electron emitted is measured in order to

deduce the binding energy of that particular electron using the following equation,
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Figure 2.1: principle of photoemission spectroscopy [2]
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Here Ep, is the binding energy and hv is the energy of the incident photon and KE is the
observed kinetic energy of the photoemitted electron as schematically shown in Figure 2.1.
The binding energy given by Ep is unique for any energy level so by getting the binding energies
from the XPS measurement, we can deduce the chemical composition of a material[1].
Therefore, by analysing the peaks in the XPS spectrum we can get a clear idea of all the

elements present in the given material with the exception of hydrogen.

In conducting solids, there is an additional effect of work function is needed to remove

the electron from sample surface. Hence the equation (2.1) can be rewritten as
Ek = hv — Eb — €p (22)

where ey is the work function defined as the energy difference between the vacuum level and
fermi level as shown in the figure 2.1. Although the work function indicates the energy
required to remove the electron from fermi level, during the measurement of the kinetic
energy by the spectrometer, the work function due to the spectrometer Qs is significant
compared to that of the work function of the sample. This can be illustrated in the figure

below:
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Figure 2.2: Illustration of sample work function and spectrometer work function
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Hence final kinetic energy observed by the detector can be determined by the

equation 2.2 which can be rewritten as
Ek = hv — Eb — (pSp 2.3

where hv is the incident photon energy, Ey, is the binding energy,

With regards to the penetration of the x-ray beam, it is important to note that while
the typical penetration depth of a 1 keV photon beam into solid matter is in the order of
~1um, the escape depth of electrons at this energy is considerably smaller (approximately 10
nm). This difference is due to the fact that photoemitted electrons from deep within the
sample interact strongly with matter and may lose kinetic energy via inelastic collisions with
other atoms, which can occur within the solid before the photo-excited electrons emerge
from the surface. All the photoelectrons emitted from a core level do not reach the analyser
with the same kinetic energy. The depth from which majority of the photoelectrons with same
kinetic energy, reaches the analyser is generally known as sampling depth of the XPS.
Sampling depth typically depends on the mean free path of an electron emitted. Mean free
path of an electron is the average distance an electron can travel before a collision losing
significant kinetic energy and denoted by A.

Mean free path depends on the density of the material as electron scattering can
occur due to the collisions. Hence, mean free path varies from element to element. A typical
mean free path curve of a traditional XPS measurements for various elements with change in

the kinetic energy is shown below in fig 2.3.

From the figure above, it can be observed that the mean free path of the resulting
photoelectron can be increased by increasing the initial photon energy. This principle forms
the basis to the variation of the sampling depth in the traditional XPS and the high energy
variant HAXPES.

It also shows that the photoemission measurements are highly surface sensitive
meaning that surface contamination should be minimized if possible. Photoemitted electrons
which lose energy due to inelastic collisions emerge with random kinetic energy and simply
add to the background counts[2]. The XPS technique is sensitive to the presence of almost all

elements above atomic concentrations of ~ 0.1 - 1%.
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Figure 2.3: dependence of mean free path for various elements with change in the kinetic energy[3]

Upon escaping the sample surface electrons are focussed by a series of lenses, filtered
according to kinetic energy using an energy analyser and finally counted by an electron
detector. The spectrometer is setup to scan across the different electron energies in order to
count and store the number of detected electrons for a given energy for a given detection
time. This data is then outputted to an external computer system. The details are discussed

later in the chapter.

2.1.1.1 Elemental identification:

XPS is mainly used to identify elements present in the sample being analysed.
Generally, a survey scan is carried on each sample and from the photoemission peaks in the
spectrum, the elements can be identified by comparison with reference data. Multiple peaks
can be attributed to a single element e.g. Ag has 3d, 3p and 3s core levels in the range of
conventional XPS photon energy. The photoemission process will cause electrons with
specific energies related to the atomic core level binding energies to be emitted. Any

electrons that have lost energy increase the level of the background at binding energies higher
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than the peak energy. The background is continuous because of the random nature of the
loss processes. Any noise in the spectrum is due to the collection of single electrons randomly
spaced in time. Similarly, multiple core levels of different elements may overlap in a given
energy range and a number of reference texts are available for elemental identification
through XPS[4][5]. A typical XPS survey spectrum for the standard gold sample is shown in
Figure 2.4 identifying various elements present in on the surface under investigation. Rising
above the background we can examine two distinct types of peaks. These are the
photoemission peaks associated with core-level events and x-ray induced Auger lines. The
most intense photoelectron lines are typically the narrowest lines observed in the spectraand
are relatively symmetrical. However, metals exhibit considerable asymmetry due to coupling
with conduction electrons. Auger lines are groups of lines caused by the transition of a core
level electron to deeper underlying empty energy level which results in the transfer of energy
to another bound electron giving it sufficient kinetic energy to be emitted from the surface.
These lines can be readily distinguished by changing the energy of the x-ray source as the
kinetic energy of the Auger lines will remain the same due to the interaction being dependant
on the energy separation of the core levels while the photoemission lines will shift by the

energy difference between the Mg and Al x-ray sources.
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Figure 2.4: Typical XPS survey spectrum for gold standard sample showing different elements
present[6]
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2.1.1.2 Elemental Quantification:

One of the main analysis that can be carried out from the survey spectrum of using
the XPS technique is the relative stoichiometric chemical composition of the elements on
surface of a sample by analysing the change in the peak area of core level peaks. In order to
guantitatively determine the chemical composition of a surface, the composition needs to be
homogenous within the XPS sampling depth. For example, to determine the composition of a
thermal silicon dioxide layer on a silicon wafer, it is necessary to remove all the surface carbon
contamination and the thickness of the layer has to be greater than the sampling depth. The
relative sensitive factors for each element have also to be taken into account as the sensitivity
for Si 2p and O 1s are different [7]. The relative binding energies of the two peaks (Si 2p and
O 1s) must also be taken into account given that electron IMFP is strongly dependant on
kinetic energy. As such, it can be said that electrons emerging from the Si 2p peak (E 99.6 eV)
may emerge from a greater depth than O 1s electrons (BE 533 eV). Further factors include the
photo-ionisation cross-section of that specific core-level which is the probability that an
electron of that core-level will be excited. Finally the transmission function of the analyser
which determines the relative sensitivity of the analyser to electrons of different kinetic
energies. Based on the factors mentioned above, relative sensitivity factors (RSF) for each
core level of an element can be calculated. Using these RSF values, chemical composition can

be calculated as follows:
Ii = NiUi )l'i K 2.3

where: | = intensity of photoelectron peak for element |, N; = average atomic concentration

ain
|

of element “i” in the surface under analysis o; = photoelectron cross-section (Scofield factor)
for element i, A; = inelastic mean free path of a photoelectron from element i, K = all other
factors related to quantitative detection of a signal (assumed to remain constant during

experiment)

2.1.1.3 Chemical Shifts:
In addition to knowing the elemental stoichiometry in any given sample, XPS spectra

can provide information on the precise oxidation state of the elements present in the sample.
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The charge transfer resulting from chemical bond formation can result in a shift in the binding
energy of the elements in a material. This is apparent in an XPS spectrum by the related
photoemission peak being located at a binding energy different from the unbonded element.

This phenomenon is known as the chemical shift[8].

For example, for elemental silicon the 2ps/; core level has the binding energy of 99.1
eV while for the silicon 2p peak in silicon dioxide the binding energy is approximately 103.9
eV as shown in figure 2.5. So, the binding energy shift in the peak position provides
information on the oxidation state as the elemental silicon has the oxidation state of O,
whereas silicon in silicon dioxide has the oxidation state of +4. This chemical shift also shows
that any silicon sub - oxides having an oxidation state between 0 and +4 will have a binding

energy between 99.1 eV and 103.9 eV.

SiO, (103.9 eV)

Si (99.1 eV)

T T T T
108 106 104 102 100 98 96

Binding energy (eV)

Figure 2.5: Graph showing XPS of Si 2p spectrum for 4.5 nm SiO2 on bulk Si with signals from both
substrate (99.1 eV) and overlying oxide (103.9 eV)

Core levels in XPS use the nomenclature nl; where nis the principal quantum
number, | is the angular momentum quantum number and j = I+s (where s is the spin angular
momentum number and can be +%). All orbital levels except the s levels (I = 0) give rise to a
doublet with the two possible states having different binding energies. This is known as spin-

orbit splitting (or j-j coupling). The peaks will also have specific area ratios based on the
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degeneracy of each spin state, i.e. the number of different spin combinations that can give
rise to the total j. For example, for the 2p spectra, wherenis 2 and lis 1, j will be 1/2 and 3/2.
The area ratio for the two spin orbit peaks (2p1/2:2ps/2) will be 1:2 (corresponding to 2
electrons in the 2p1/2 level and 4 electrons in the 2ps3/2 level). These ratios must be taken into

account when analysing spectra of the p, d and f core levels.

At higher binding energy, in some metal spectra like Al, strong satellite peaks might
be observed and these satellite peaks can be misinterpreted as primary lines. These
transitions can be attributed to the plasmon excitations. These plasmon peaks are associated
with energy loss events for electron. In the case of Aluminium, the free electrons are
constrained to move within energy bands that are characteristic of the material and these
material properties influence the shape of the energy loss distribution, namely, scattering of
the photoelectric electrons by free electrons with discrete energy bands produces energy loss
distributions with relatively narrow structures. The convolution of an intense photoelectric
peak with a relatively narrow energy loss distribution results in plasmon structures that could

easily be mistaken for a primary line

2.1.1.4 Peak Widths:

Instrumental resolution contributes to the Gaussian line width of the peak. For XPS
spectra in a narrow energy range (<20 eV) the instrumental resolution is assumed to be
constant. The Lorentzian line width component of the peak originates from the core-hole
lifetime in the photoemission process. Both the Lorentzian and Gaussian profiles contribute
to the peak width and are assumed to be constant for the instrument and the particular

element over the narrow energy range used to acquire individual peaks.

Other factors affecting the peak widths are broadening due to satellite peaks, phonon
transitions and differential charging of the sample. All these factors might lead to asymmetric

peak shape especially in the metallic samples.

For conductive samples, such as metals and graphite, there is a distribution of unfilled
one-electron levels (conduction electrons) that are available for shake-up like events

following core electron photoemission. When this occurs, instead of a discrete structure like
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that seen for shake-up satellites, a tail on the higher binding energy side of the main peak —
an asymmetric peak shape is evident. An example of this is shown in Figure 2.6. It is clear from
this figure that the asymmetric tail of the metal peak shape will overlap with higher oxidation
state species. As such it is important that the total photoelectron yield contribution from the

metal is captured during curve-fitting analysis.
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Figure 2.6: Example of Ti metallic peak showing asymmetry

2.1.1.5 Sampling Depth:

Conventional XPS has a limited sampling depth of approximately 5-7 nm[9] depending
on the material. Though X-rays can penetrate to distances in excess of a micron into the

samples, the same cannot be said for electrons. As an electron travels through the material
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there is a probability of interacting with the other electrons and atoms present in the
material resulting in loss of energy. Hence the kinetic energy of these electrons reaching the
analyser is lot less than the actual kinetic energy if unimpeded. Since XPS measurements
rely on the KE of the electron reaching the analyser, the electrons losing kinetic energy will

still be present but as a background signal rather contributing to the core level spectra.

The fraction of photoelectrons reaching the analyser unimpeded can be determined
using the following equation;

d

I = I (1 — eTcost) (2.4)

where Ik is the intensity of the electrons exiting the material, lo is the intensity of incident
photons, d is the depth from which the electrons are emitted and A is the inelastic mean
free path. In XPS, 95% of the signal comes from the depth d = 3A, and this is known as the

sampling depth.

d~7nm

d~4nm

Figure 2.7: schematic showing the decreased sampling depth with change in the angle of
photoemission

It can be seen from Figure 2.7 that electrons emerging perpendicular to the surface
have the same sampling depth as those emerging at the glancing anglesi.e. ~7 nm.
However, the rotated samples the perpendicular depth from which the electrons escape
from the surface is considerably less than for normal emission. As such, core level spectra

taken at an increased angle are more surface sensitive than those taken at normal emission.
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Figure 2.8: dependency of intensity of photoelectrons on sampling depth with change in angle of
emission

For example, Si 2p spectra in Figure 2.8 which are taken from a SiO; surface (~ 5 nm)
at emission angles equal to 0 ° (normal emission) and 60 ° shows that the spectrum taken at
60 ° has increased intensity from the Si oxide overlayer compared to normal emission spectra.
This forms the basis for the concept of the angle resolved XPS. (ARXPS) which is a non-

destructive depth profile analysis.

2.1.1.6 XPS system used
Most modern XPS systems use a twin X-ray anode source allowing the use of two
different photon energies. The source consists of Cu anode coated with two metals.

Commonly used are Al (photon energy 1486.6eV) on one side and Mg (photon energy 1253.6
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eV) on the other. A high-energy acceleration voltage of 15 kV is supplied and the electrons
bombards the anode surface generating the related Ka characteristic X-ray emission. The

anode is water cooled to prevent any damage to anode through heating.
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Figure 2.9: Twin anode setup for modern XPS systems [10]

The X-rays incident on the sample surface generate the photoemission signal which is
emitted at all angles. To get an optimum signal, the analyser can have an electrostatic lens
assembly as shown in Fig 2.9 to focus the photoelectrons towards the analyser. The focus of
the lens assembly is generally limited to small area to get a good spatial resolution. The
electron beam generates a continuous Bremsstrahlung energy distribution emission, with a
maximum intensity at the Ka transition of an electrons from the unresolved Al or Mg 2p core
level to 1s core level. For the aluminium target this results in a peak energy of 1486.7 eV with
a line width of 0.85 eV and for the Mg target, the value is 1253.6 eV with width of 0.7 eV. The
line width is a reflection of the doublet separation of the 2p peak and is a composite of the
natural line widths of the 2p 3/2 and 2p 1/2 peaks. For Al 2p the doublet separation of the
component peaks is 0.43 eV, making it difficult to resolve the individual peak components and
so contributes to a broader overall line width. The doublet separation for the Mg 2p is

significantly smaller than that of the Al 2p peak, producing the narrower overall line width.

The electrostatic lens focusses the photoelectrons emitted at various angles from the
sample surface towards the hemispherical analyser. This is required especially in cases of
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varying incident angles (angularly resolved XPS) as the electron spread is more while inelastic
collisions are less. The photoelectrons are supplied a retardation voltage of Vo while focussing
towards the entrance of the analyser. The spread is further reduced by the slit assembly at

the entrance of the analyser.

The hemispherical electron energy analyser as shown in figure 2.10 is essentially a
dispersing element which allows the number of photoemitted electrons at a particular kinetic
energy to be determined. The hemispherical analyser consists of two concentric plates with
radius R1 and Ra. The plates are supplied voltage V1 and V2 such that V1 is positive with respect
to Vo while V; is negative with respect to Vo. The voltages at the plates allow only the
photoelectrons with kinetic energy being analysed that can traverse through the analyser
without hitting either hemispherical plates. The voltage range allowed between the plates
are determined by the pass energy and the voltages supplied to the plates depend on the

radius of the hemispherical plates:

R
R

where Ro is the mean radius of R1 and R,. From the equations above the voltage supplied to
the plates are determined as V1 = 0.5 (Vo) and V2 = -1.33 (Vo). The photoelectrons with large
variations from these values collide with the hemispherical plates while the other

photoelectrons reach the detector.

Figure 2.10: Basic hemispherical analyser
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The FWHM of an XPS peak (AE) can be calculated using the equation:

AE = JAEZ . + AEZ (2.7)

pea instrum

where AEpeak is the natural line width of the XPS peak and AEinstum is the instrumental
resolution and is affected by the analyzer pass energy, slit widths and the line width of the
incident X-rays. The instrumental line width of the incident X-rays depends on the line width
of the x-ray source which 0.7 eV for Mg Ka source and 0.85 for Al Ka source. The use of a
monochromator is likely to provide better instrumental resolution as it will reduce the
broadening of the peak due to line width of the incident X-rays. In this work, a non-

monochromatic source of Mg Ka is used.

Pass energy determines the number of photoelectrons entering the analyser by
selectively allowing the photoelectrons in the acceptable range of the analyser. Pass energy
depends on the ratio of R1 and R2 and helps in determining the resolution and sensitivity of
the photoelectron peaks. From the equation 2.8, it can be seen that the higher the pass the
pass energy, higher the sensitivity while the resolution decreases thereby increasing the peak
width AE. the pass energy used in XPS measurements in this work are 50 eV for the survey
spectra in order to increase the sensitivity to determine the elements present in the sample

and 20 eV for narrow regions in order to get higher resolution peaks.

R R
pass energy eAV = E (22— = (2.8)
Ri Ry
The resolution of an analyser can be determined by the equation:
AEgnaiyzer — wi+w?2 + 50{2 (29)

E 2R,

where E is the energy of the photoelectron peak, wl is the entry slit width, w2 is the exit slit

width and R is the mean radius if the analyser plates.
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The detector is typically a channeltron or channel plate made of array of detectors.
The intensity of the photoemitted signal at different kinetic energies is then plotted to obtain
a photoemission spectrum for the material under investigation. The schematic of the XPS

system used is shown in figure 2.11.

outer hemisphere—— e
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Figure 2.11: Schematic of a modern day XPS system

2.1.2 Hard X-ray Photoelectron Spectroscopy

HAXPES is a high photon energy variant of XPS. The main advantage of HAXPES over
conventional XPS is the higher sampling depth. The higher energy of X-rays used in HAXPES
enables the user to increase the sampling depth of 7 nm at 1.5keV to 20 to 30 nm at 10 keV

as shown in the figure 2.3.

Another advantage of the HAXPES is the tuning the photon energy at the synchrotron
radiation sources allowing to focus on the specific buried interface[10] of the sample. This

can be used to complement the conventional angularly resolved XPS measurements.
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2.1.2.1 HAXPES at Synchrotron sources:

Synchrotrons are generally composed of two connected evacuated rings: one accelerates
the electron at near light speed and a storage ring in which the injected electrons are stored
for experimental purposes. The storage ring is rather a many-sided polygon and the electron
travelling at near light speed light emit broad band spectral radiation due to the momentum
change at the corners of the storage ring as shown in fig 2.12. The broad band radiation is
frequently coupled with a monochromator to select a particular photon energy for an

experiment including HAXPES, XPS, XAS etc.

HAXPES measurements made at synchrotron are different from the conventional hard X-

ray anode source like Cu due to following characteristics

e High Brilliance — with regards to synchrotron source brilliance is an important
advantage compared to traditional XPS sources. It depends on number of photons

produced, beam divergence and cross sectional area of the beam.

e High level of polarization and high collimation — advantageous in focussing on

desirable surface even if the samples are patterned.

e Tuneable wavelength using monochromator — by adjusting the energy of the
photon, the sampling depth can be changed thereby thick films can be analysed
compared to the traditional XPS systems. While higher photon energy tuning
requires crystal monochromator, sub-eV tuning utilizes grating monochromators

for soft-rays from eV to 1000 eV for example European XFEL at DESY.
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Figure 2.12: generation of x-ray beam at synchrotron sources[11]

The experimental HAXPES and XAS setup from Synchrotron SOLEIL (Galaxies

beamline) used in this work is shown below:

j Preparation chamber

Figure 2.13: Experimental HAXPES setup[12]
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2.2 X-ray Absorption Spectroscopy (XAS):

The X-ray Absorption Spectroscopy (XAS) technique has been used in identification of
elements for a century[13] but the technique gained importance after the publication by
Sayers, Stern and Lyle [14] by applying Fourier analysis to invert the experimental data
collected in wave vector phase to energy distribution function. This resulted in the capacity
to quantitatively determine structural parameters such as bond distance, coordination

number, thermal and disorder parameters[15].

Although XAS has been in use from the early 1900s, from the experimental point of
view the improvement in instrumentation was carried out in early 1960s when
diffractometers for X-rays were modified by using monochromators of silicon crystal to allow
step scaling. This enabled selection of the energy region for the desired absorption edge
allowing calculation of the precise absorption coefficient. The first use of this type of
experimental setup was performed by Van Nordstrand [16] to study the catalysis effect of

transition metals and determine their chemical fingerprint fine structure.

2.2.1 Principles of XAS:

XAS measures the exponential decay of the photon beam focussed on the sample. It
is based on Beer’s law which states that absorbance of a material is directly proportional to
the concentration on the attenuating species in the material sample. The equation for the

Beer’s law can be rewritten including the initial and final intensity as follows:
log2=¢eLC (2.10)

where lp and | are the initial and final photon intensity, € is absorption coefficient, L is the path
length of the material, and Cis the concentration of the material. The main XAS study includes
the study of absorption edges. Each element has its own absorption edge and depending on
the atomic number and absorption at these edges the probability of X-ray absorption

increases. By studying a wide range of energies (several hundred eV) from the rising edge,
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one could get information related to geometry, electronic structure and chemical make-up

(spin-orbit coupling) of the material.
A normal XAS spectrum can be divided into four parts:

1. Pre-edge: Region up to 10 eV below absorption edge — caused due to one of the
following reasons: the states at the Fermi energy in metals giving a "rising edge" with
an arc tangent shape; the bound core excitons in insulators with a Lorentzian line-
shape.

2. X-ray absorption near edge structure (XANES): +40 eV from the absorption edge
Also known as Near edge X-ray absorption fine structure (NEXAFS) - it is used in
determining the density of states and chemical bonds present. As such, it is used in
chemical fingerprint of the element present.

3. Extended X-ray absorption fine structure (EXAFS): 50 -1000 eV above absorption edge.
Useful in determining the coordination number of the element being analysed.

4. Other features of the XAS spectra can be attributed to electric-dipole allowed transitions
(i.e. A? =+ 1) to unoccupied final states

A typical XAS spectrum is shown in the figure below:

Extended X-ray
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(EXAFS)
e \/v\

f

Destructive  Constructive
Interference  Interference

X-ray
Absorbtion
Near Edge
Structure

(XANES)

< 1s to (n+1)p |:||:|

Normalized Absorption
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Figure 2.14: A typical XAS spectrum showing pre-edge, rising edge and extended absorption

edge[17]
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2.2.1.1 Apparatus used:

XAS measurements are generally performed at synchrotron radiation sources as they
provide the variable energy range required for measurement of various absorption edges.
Also, synchrotron sources provide high flux and brightness required for the XAS
measurements. Furthermore, beamline optics and focussing devices help in high spatial
resolution of the data obtained. A general overview of the XAS instrumentation is shown in

the figure 2.15 below.

The initial photon intensity is recorded and the resultant sample current from the
sample is measured for each photon energy. The data acquired shows two profiles, one for
the photon intensity and the other for the sample current. When an absorption edge occurs,
there will be photoemission, resulting in the increase of sample current at the absorption
edge. Since the sample current is obtained throughout the sample, this mode of XAS
operation is bulk sensitive. The measurements in this work were carried out at Galaxies

beamline at SOLEIL, France.

Monochromaticbeam Carbon foil
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-
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White beam /
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Figure 2.15: Overview of XAS setup

2.3 Secondary Ion Mass Spectrometry (SIMS):

Secondary lon Mass Spectrometry, also known as SIMS, is used to determine the
concentration of any elements in the surface of the thin film by sputtering the surface and

analysing the mass of the ions sputtered as schematically shown in figure 2.16.
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Figure 2.16: Principle of SIMS[18]

SIMS generates a primary ion beam with energy of the range of 1 to 50 keV (in our
case 5 keV of Ar) and is focussed on the sample surface as shown in figure 2.16. The atomic
and molecular species sputter from approximately 1 —2 nm into the surface and can be in the
form of ions or neutral species. The sputtered ions are then analysed in a mass spectrometer
which provides information on the mass-to-charge ratio of the detected species[19]. The SIMS
technique is destructive, but the damage can be limited by adjusting the mass and energy of
the primary ions from the SIMS ion gun. In some non — conducting samples, sample charging
might occur due to sputtering of top surface which can be reduced by grounding or supplying

a flood of low energy electrons or ions from a charge compensation gun.

Sputter rates depend on primary beam intensity, sample material, and crystal
orientation. Sputter rates in a typical SIMS experiments vary between 0.5 and 5 nm/s. The
detection limit of SIMS generally depends on the sensitivity of the sample. The detailed
sensitivity factors have been summarised for Cs primary ion bombardment[20]. The SIMS

detection limits for most trace elements are between 1012 and 10°1¢ atoms/cc.

Figure 2.17 shows a typical SIMS system. The lon beam is focussed to a small spot size
creating a crater during sputtering of the sample surface. The resulting secondary ions from
the crater can be analysed from the centre of the crater to minimize the edge effects. By using

a raster scan over a large sampling area, an elemental map can be obtained.
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The use of SIMS analysis with XPSis a powerful combination of techniques for
the identification of the surface distribution of elemental and molecular species in that it
provides optimised compositional sensitivity coupled with chemical state information. Issues
of surface and interface contaminants are often best addressed using both methods,

providing faster and more comprehensive materials characterisation.
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Figure 2.17: Block diagram of a sims system showing the basic elements including a sputter gun,
mass analyser and flood gun [21]

2.3 Atomic Force Microscopy:

Atomic Force Microscopy (AFM) is one of the techniques used for analysing the
surface morphology and roughness of a thin film. AFM is based on the use of an extremely
sharp tip (ideally atomically sharp) to measure the physical interactions at short range to
determine surface topography[22]. The operation of AFM involves bringing an atomically
sharp tip within close proximity of a surface and measuring the force that the tip experiences
as it scans across a defined area. The tip is attached to the end of a cantilever. The basis of

operation emerged from the discovery that inter-atomic forces exist between two materials
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that are in close proximity of each other. Such forces can include Van der Waals, electrostatic

or magnetic, the magnitude of which the AFM is designed to determine[23].

F=-Kx (2.11)

where K is the spring constant of the AFM tip. The distance between the tip and the surface
of the sample determines the type and the magnitude of the force on the cantilever arm.

General principle of an AFM is shown in the figure2.18 below.

The main principle of any AFM system is achieving high resonant frequency capable
of vibrational stability to amplify the subatomic amplitudes using a low spring constant and
ow mass for the cantilever. Since the deflection of the cantilever is dependent on the force at
the sample surface which is small due to low magnitude of the forces such as 10'* N for Van
der Waal’s force, the detector should be highly sensitive to the smallest deflection in the

cantilever arm[22].

In modern AFM systems, the back of the cantilever is coated with metal such as gold
(Au) or Aluminium (Al) for high reflectance. A laser is used to reduce the beam divergence
and it has high intensity. The reflected laser light is measured using the photodiode. As the
cantilever deflects, the position of the photodiode changes and the laser beam deflection is

measured at each point to generate a topographic image of the surface.

2.3.1 Modes of Operation

Different AFM modes of operation are possible and are categorized according to the
interaction of the cantilever tip with the sample surface. In contact mode, the tip is in contact
with the sample surface. The cantilever measures the deflection due to repulsive force

between the tip and the sample surface. Main disadvantage of the contact mode is that the
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tip has the tendency to be dragged along the surface due to lateral forces acting at the

surface.

Controller Feedback Loop Detector
Electronics Electronics

Split Photodetector

Laser

Cantilever

Figure 2.18: Operating principle of a typical AFM[24]

In non-contact mode, the tip is maintained at a distance from the surface so that it no
longer feels a repulsive force rather an attractive force. Typical distance between the
cantilever tip and the sample surface lie between 5 to 15 nm. As the magnitude of the forces
measured are far weaker at this height than the ones obtained through contact mode, and
hence the forces measured cannot be distinguished between the actual surface or the

contaminants in the surface.

In tapping mode, the tip is in contact with the sample surface for a short time
eliminating the possibility of the lateral force and being dragged along the surface. The probe
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taps repeatedly, and the feedback loop adjusts the height of the tip to maintain the constant
amplitude of oscillation. In this report tapping mode of AFM is used. the AFM system used in

this work is shown in the figure 2.19 below:
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Figure 2.19: working of an AFM in tapping mode

2.4 Electrical Characterization

To test the effectiveness of the barrier, electrical characterization is carried out
through four -point probe measurements and capacitance-voltage (CV) measurements.
While the four-point probe measurements give the resistivity of the sample, CV
measurements helps in determining dielectric thickness, doping concentration of the

substrate, flat band voltage, interface states etc.
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2.4.1 Four Point Probe measurements

Four-point probe measurements are useful in determining the conductivity of any
semiconductor material or metals. The material can either be bulk or thin film. The
experimental apparatus consists of four equally placed tips, normally tungsten tips, with finite

thickness. The typical probe spacing is ~1mm.

Figure 2.20: Structure of a general four-point probe instrument [18]

With the four tips in contact with the sample surface, a high impedance current source
supplies current to outer tips while the inner two tips are connected to the voltmeter to
measure voltage drop between them as shown in figure 2.19. From the supplied current and
the resultant voltage, the sheet resistance of the sample can be measured. Using the standard
values for the instrument used in this work, the equation for the sheet resistance can be

modified as follows:

Sheet resistance Ry = 4.5324 * ; (2.12)
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Once the sheet resistance is measured, the resistivity of the material can be found using the

equation,

Resitivity p = Sheet resistance (R;) * Thickness (t) (2.13)

2.4.2 CV Measurements of MOS devices

Since Cu has the tendency to diffuse through the ILD[25][26][27] as Cu*, methods
involving charge detection can be used to investigate Cu diffusion. Capacitance - Voltage
sweep measurements of MOS structures is one of the principal techniques to observe Cu
diffusion electrically. One of the other techniques possible is the measurement of leakage

current through Current — Voltage (IV) characteristics of the MOS devices[28].

MOS devices are essentially a Cu gate structure on an SiO; film with p-type or n-type
Si substrate as schematically shown in Figure 2.21. The MOS devices fabrication in this work
are similar to the MOS fabrication process involved in the IC manufacturing. The barrier layer
and copper are sequentially deposited on the substrate through a mask of required shape and

size (normally multiples of 1micron square), then subjected to lithographic techniques.

As the Cu* ion diffuses through the dielectric, there will be charge accumulation at the
interface of the dielectric and silicon substrate which impact on the CV measurements. While
the MOS structure without a barrier layer shows diffusion, the MOS capacitor with barrier
layer can be tested with CV measurements for its effectiveness in preventing copper diffusion

through the dielectric.
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Figure 2.21: MOS capacitor (a) without barrier layer showing cu diffusion (b) with barrier layer

The MOS structure is effectively a capacitor with a semiconductor as one of the
electrical contacts. Since the semiconductor is used as a contact, there will be variable
capacitance while sweeping through a range of gate voltages. For an n-type semiconductor
substrate as the gate voltage is reduced towards negative values a depletion layer is formed
near the dielectric interface, and on decreasing the gate voltage, the depletion layer reaches
an equilibrium. This voltage is known as flat band voltage (V). The further decrease results
in inversion and forms the basis of transistor switching. Fig 2.22 shows the various stages of

a typical n-type MOS capacitor on gate voltage at 1MHz frequency sweep.

Modern MOS fabrication methods can produce near ideal MOS device behaviours like
zero leakage current through the dielectric, similar work function for the metal as well as the
doped Si substrate to get a perfect flat-band condition, absence of trapped charges or
interface defects etc.[29]. If the insulator is not perfect, there will be resulting DC current flow

on applied bias interrupting the CV measurements.

The difference in the work function of the metal and the substrate gives the value of the flat
— band voltage of the MOS capacitor. Ideal MOS devices have zero difference in the work

function there by obtaining the flat — band voltage at gate voltage of zero.
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Figure 2.22: CV Profile of n-type MOS capacitor showing accumulation, depletion and inversion with
respect to gate voltage sweep

The interface states and trapped charges occur through multiple causes:

e Oxygen vacancy during the deposition of the dielectric — can be removed
through annealing.

e Fixed oxide charge — located deep in the valence band or high in conduction
band and hence not noticeable in the CV measurements.

e Interface states occur at the interface of the dielectric and Si substrate —
formed due to the distortion of the periodic Si lattice upon growth of the
dielectric — directly affect the CV profile as these states are found throughout
the energy band gap of the substrate.

e Elemental contamination during the fabrication — presence of mobile ions
distorts the CV profile thus interpreting the data becomes difficult - can be
avoided by fabricating at ultra - clean environments and stringent deposition
techniques.

Thus, the flat — band voltage can be calculated by including all the charges and defects as:

Q ota
Vip = Qs — — 24— (2.14%)

Cdielectric
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where Vg, is the flat band voltage, dms is the work function difference between the metal and
the substrate, Quotal is the total charge due to the defects in the dielectric and Cgielectric is the
capacitance of the dielectric. When copper ions diffuse into the dielectric, there will be
increased charge concentration in the dielectric resulting in the shift of flat band voltage.
Effectiveness of the barrier can be identified by comparing with the pure copper sample with

no barrier at the same analysis conditions.

2.5 Adhesion Testing:

Adhesion is the ability of two materials surface to stick to each other. Copper generally
needs an adhesion buffer layer to effectively bond to the silicon dioxide dielectric. Hence in
the current generation of interconnects, TaN is used as an adhesion buffer layer. As there are
multiple dielectric and interconnect interfaces present, having a separate adhesion buffer is
a limiting factor to continued downward scaling and the efficiency of the ICs. For future
generations of diffusion barriers, the barrier should also be a good adhesion buffer so as to
reduce the thickness of the barrier stack thereby providing more volume for the interconnect

metal.

Adhesion can be viewed thermodynamically in terms of the difference in the surface
energies between two dissimilar materials. Most methods of testing adhesion include the
removal of a film from the substrate surface. Although, quantitative adhesions methods
include complicated calculations as film deformations frequently occur before delamination
in most of the adhesion tests[30]. Hence, accurate measurements of surface energy

calculations are difficult to carry out.
There are various methods for testing adhesion. Commonly used ones are:

Scratch test — A finely tipped stylus is drawn across the surface of a film while an increasing
load is applied. At the critical load, the film is completely removed and a measure of the

adhesion can be obtained by comparing the critical loads on the different films[31].
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Figure 2.23: scratch test

Peel test — A piece of adhesive tape is overlaid on the surface of the film to be tested and it is
peeled from the surface by applying a force through a load cell. However, the measurements

can be varying as sometimes films are only partially delaminated[32].

Cross hatch cuts Areas of detached coating

Adhesive tape

Figure 2.24: Peel test[33]

Blister method - A small hole is drilled through the back of the substrate and compressed air
is applied at increasing pressure to delaminate the film. By studying the propagation of the
delamination, adhesion strength can be deduced. This method removes the disadvantages
of deformations and strains induced into the film — substrate interface through other

adhesion measurement techniques techniques[34]. A typical blister test for adhesion in the

figure 2.25 below.
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Figure 2.25: Blister test

In this work, a qualitative analysis of copper thin film adhesion was carried out using
the peel test. A thick copper film is deposited by hot filament evaporation. Multiple copper
structures are formed while using a silicon shadow mask during copper deposition. The silicon

shadow mask used in our work is shown in the figure 2.26 below:

Figure 2.26: Silicon Shadow mask used for copper deposition through hot filament evaporation

Images are recorded before and after the peel test (tape test). Using the Keyence 3d
microscope software, the copper structures were analysed and the percentage of area of

copper removed from the surface after the tape test is calculated.
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3. Investigation of nitrogen incorporation into
manganese-based copper diffusion barrier

layers for future interconnect applications

3.1 Introduction

The ideal barrier layer for complementary metal-oxide-semiconductor (CMOS)
interconnects should have as low as possible electrical resistance to improve the overall
interconnect conductivity, good adhesion to both the dielectric and the copper interconnects,
and good control over the thickness of the barrier. Among the materials currently under
investigation are manganese based barrier layer systems [1][2][3]. Barrier formation
approaches involving manganese have shown that, upon thermal annealing the manganese
forms manganese silicate at the dielectric interface, a material which has been shown to be a
good copper diffusion barrier [4][5]. One of the main challenges with the integration of the
copper-manganese system is the adhesion of the copper to the barrier layer/ dielectric stack.
In previous technology nodes, the incorporation of nitrogen to metallic barrier layers has
been shown to improve adhesion [6][7]. Following this trend of metal-nitrides as the buffer
layer for adhesion of the metal, manganese nitride has gained some interest as a potential

buffer layer for manganese based barriers.

BEOL processing techniques are much different from the bulk processing techniques.
Hence the deposition and characterization of thin film manganese nitride greatly varies from
their bulk counterparts. Some efforts to form and characterise manganese nitride thin films

involve ion implantation using an ion gun have been reported [8].

Herein, we present a detailed spectroscopic study of manganese nitride deposited by
CVD by research collaborators in IMEC, Belgium, to understand the chemical composition of
the manganese and nitrogen in the film and the chemical state of the manganese nitride films
(oxidation state, single or multi-phase, etc.). Previous studies on the electrical characteristics

of the manganese nitride films have shown promising results[9]. Furthermore, we
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characterised metallic manganese films on the same dielectric substrate in order to better
understand the impact of nitrogen on the chemical interactions within the material system.
The surface morphology of the films is studied using atomic force microscopy (AFM) to gauge

surface roughness and in particular the impact of nitrogen incorporation on the surface.

As adhesion is one of the key drivers for nitrogen incorporation, we also qualitatively test
whether adhesion is indeed improved by the deposition of a copper layer on top of the Mn

and MnN films and subsequent tape testing.

3.2 Experimental Details

Initial attempts at carrying out nitrogen ion implantation in Mn metal lattice,
(deposited through in-situ e-beam deposition) through Ar ion gun using nitrogen gas with 1KV
acceleration voltage was carried out the ion gun was operated at rough vacuum. The sample
ion current was observed to be 1.2 YA and a retardation potential of 0.5KV was supplied to
prevent sputtering at the sample surface. The results of ion implantation technique were
found to be insufficient in depositing a stable single phase manganese nitride in formation of
metal nitride along with multiple nitrogen states. Hence, the use CVD deposition technique

was proposed

Thin manganese and manganese nitride films were deposited on Tetra Ethyl Ortho
Silicate (TEOS) sol-gel SiO; using CVD in IMEC. As the films are targeted for industrial
applications, they were deposited under conditions relevant to industrial manufacturing
processes. Manganese was deposited from bis(tetramethylcyclopentadienyl)manganese(ll) =
CisH26Mn with the sample heated to 150°C and nitrogen partial pressure of 10 mbar while
manganese nitride was formed using bis(2,2,6,6-tetramethylpiperidido)manganese(ll),
Mn(tmp)2 = Mn(NCgH1s)2, with ammonia as a co-reactant. To study the effect of nitrogen
incorporation, a similar deposition process was carried out for purely metallic manganese
films. Both the manganese metal and the manganese nitride films were deposited ex-situ i.e.,
outside the analysis chamber and exposed to the atmosphere in transit before analysis in our

laboratory.

62



X-ray photoelectron spectroscopy (XPS) analysis was carried out using a VG Microtech
electron spectrometer at a base pressure of 5 X 10° mbar. The photoelectrons were excited
with a conventional Mg Ka (hv = 1253.6 eV) x-ray source and an electron energy analyser
operating at 20 eV pass energy, yielding an overall resolution of 1.2 eV. All XPS curve fitting
analysis presented in this study was performed using AAnalyzer curve fitting software
program version 1.20. Si 2p spectra were fitted with Voigt doublet profiles with a Lorentzian
value of 0.39 eV. O 1s and N 1s spectra were fitted with Voigt profiles with Lorentzian values
of 0.55 eV, and 0.5 eV, respectively. Mn 2p spectra are fitted with Voigt —asymmetric profiles.

A Lorentzian value of 0.87 eV was used to fit all Mn 2p spectra.

In agreement with previous work, the Mn 2p peaks shown in this study are primarily
used to identify the presence of oxidised Mn species on the sample surface, with the O 1s and
Si 2p spectra used to conclusively identify the presence of differing oxidised Mn species such
as Mn silicate and Mn oxide[10]. A Shirley-Sherwood type background was used for all core
level spectra. The gaussian width of the components used in curve fitting of various spectra
has been tabulated. Following initial analysis, the films were thermally annealed at 200 °C and
400 °C in UHV at a pressure of 1 x 10° mbar, with samples maintained at the target
temperature for 60 minutes, in order promote the formation of chemically stable compounds

at the barrier layer — substrate interface.

All AFM images and the root mean square (RMS) surface roughness values were
obtained from tapping mode measurements acquired by a Veeco Dimension 3100 atomic
force microscope. The AFM silicon cantilever probes used were supplied by Budget Sensors
with dimensions of: Lx W x T = 125 x 30 x 4 um?3, nominal resonant frequency = 300 kHz, force
constant =40 N/m, tip radius of <10nm, with an Al reflective coating. All images were analysed

using Gwyddion software version 2.39 [11].

In order to test the adhesion of copper, approximately 80 nm of copper was
simultaneously deposited on a TEOS substrate, a Mn metal film and a MnN film using hot-

filament thermal evaporation in a Leybold Univex chamber at a vacuum pressure of 2x10®
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mbar. A laser diced Si shadow mask with square structures of side dimensions 500 microns
was used to define the copper capacitor structures simultaneously on the three substrates
with a single deposition for direct comparative purposes. The samples were then analysed
using a Bruker Dektak XT stylus profiler to test for uniformity and thickness of the deposited
copper structures. Following the Dektak measurements, the samples were subjected to a tape
test as an initial test of adhesion. The tape test was carried out by securing the samples to a
glass slide using double sided tape and then placing the scotch tape 5912 over the samples,
fully covering the surface. The tape is then peeled off in a single motion and the sample is
viewed under an optical microscope for signs of delamination. A Keyence VHX 2000E 3D
digital microscope was used to image the Cu structures before and after the tape test to
ascertain whether the deposition of Mn-metal and Mn-nitride impacts on the adhesion of

copper.

3.3 Results and Discussion

Initial attempts at the deposition of manganese nitride were carried out at DCU.
Multiple attempts were carried out to successfully implant nitrogen into the manganese thin
films. XPS spectra of N 1s after the multiple ion implantation attempts is shown in fig 3.1. The
first attempt showed a strong N-O bonds rather than the expected Mn-N bonds in the -3

oxidation state for metal nitride. This may be due to the impurities in the nitrogen supply line.

Further attempts were carried out after most of the oxygen was purged from the
supply line. XPS characterization shows that the resultant films despite have a strong metal
nitride peak also show multiple nitrogen states. The metal nitride formed was removed on
further thermal anneals. Hence the metal nitride formed can be assumed to be surface

localized and not stable at high temperature.

Although, the ion implantation technique shows great promise in depositing

manganese nitride in ultra-high vacuum, the main disadvantage is that the use of an ion gun
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is largely incompatible with CMOS processing. For incorporation to Ultra Large-Scale
Integration (ULSI) processes, the deposition of MnN by methods such as Chemical Vapour

Deposition (CVD) or Atomic Layer Deposition (ALD) would be desirable.
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Figure 3.1: Initial ion implantation attempts of nitrogen into manganese films using in-situ ion gun
implantation techniques

XPS survey spectra of the deposited manganese metal and nitrogen incorporated films
are shown in figure 3.2. Similar peak profiles are acquired in both cases, however, the
presence of a N 1s peak in the case of the nitrogen incorporated indicates that nitrogen was
successfully incorporated during the CVD process. A Si 2p signal is detected during scanning
of the nitrogen incorporated manganese film, indicating that the deposited film is sufficiently

thin such that the TEOS is within the sampling depth of XPS.

The manganese metal and the nitride films show a significant oxygen signal indicating that

both films are heavily oxidised by the time of measurement. Enthalpy data on bulk manganese
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oxide and nitride have shown that manganese oxide has a larger enthalpy of formation than

that of nitrogen incorporated[12] and so manganese oxide forms on both materials.

The presence of a silicon signal in the nitrogen incorporated films and not in the
manganese metal films suggests that volume expansion of the manganese metal films upon
ambient oxidation is more pronounced than that of the nitrogen incorporated films, despite
being of the same nominal thickness during deposition. Overlayer thickness calculations
carried out by observing the suppression of substrate peak area before and after nitrogen
incorporated manganese films deposition, suggest that the thickness of the nitrogen

incorporated films is 5 nm.
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Figure 3.2: XPS survey spectrum of metallic manganese and nitrogen incorporated on TEOS showing
the presence of N 1s in manganese nitride films while absence of N 1s in Mn metal films

In order to, determine the chemical composition of the sample, relative sensitivity

factors need to be determined. The chemical composition of the nitrogen incorporated films,
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displayed in Table 3.1, were calculated using the appropriate relative sensitivity factors and it
was found that the films were predominantly comprised of manganese oxide, with a low

concentration of nitrogen present (~ 5%).

Nitrogen containingMn | Si(%) | O(%) | C(%) | Mn (%) | N (%)
on TEOS

Relative sensitivity 0.15 0.66 0.25 0.22 0.42
factors

As received Normal 3 41 25 25 6
emission

60° Off Normal 1 39 33 21 6
400°C Anneal Normal 9 35 11 40 5
emission

Mn on TEOS

As received Normal 1 51 23 25 0
Emission

60° Off Normal 0 47 29 24 0
400°C Anneal Normal 3 36 28 32 1
emission

Table 3.1: Chemical composition of (i) nitrogen incorporated film - as loaded (Normal emission and
60° off normal) and annealed to 400 °C (ii) Chemical composition of manganese metal film - as
loaded (Normal emission and 60° off normal) and annealed to 400°C

XPS measurements taken at an angle of 60° off normal emission which enhanced
surface sensitivity indicate that the nitrogen, although only present in small concentrations,

is homogeneously distributed through the film.

The carbon concentration increases at the higher take-off angle suggesting that the
carbon present is from surface contamination. However, the carbon concentration of 25% at
normal emission is higher than the typically recorded values for surface contamination and
suggests that there may also be some carbon distributed throughout the film, possibly

resulting from the CVD process.

Upon 400°C thermal anneal, as shown in fig 3.3, the nitrogen incorporated films show
that the nitrogen concentration remains unchanged. However, with a reduction in carbon

contamination we would expect an increase in both manganese and nitrogen signals if the
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underlying substrate was unaffected by the anneal. We indeed see an increase in the Mn
signal, but the nitrogen remains the same, and when compared with the manganese signal,
is only approximately 50% of its original ratio. The oxygen concentration falls from 41% to
35% which, as discussed below, is ascribed to a reduction in the oxidation state of the
manganese from +3 to +2. This reduction, in tandem with the removal of carbon from the
surface (evidenced by the fall in carbon concentration from 25% to 11%) allows for the
detection of a larger photoemission signal from the silicon substrate due to the thinner over
layer. In contrast, the chemical composition calculations of manganese metal films shown in
Table 3.1 (where no silicon signal was detected) display predominantly oxidised manganese
and oxygen signals indicating the presence of high a percentage of manganese oxide rather
than metallic manganese. The presence of a significant carbon signal further suggests the
presence of unreacted chemical precursor from the CVD process as the nitrogen incorporated
and manganese metal films undergo a similar deposition process. The increase in the C 1s
signal in the Mn metal film after the anneal may be attributed to the presence of C

contamination at the interface of the SiO2 and the Mn metal film.

Upon the thermal anneal, the oxygen concentration falls from 51% to 36% in Mn thin
films which is attributed to a reduction in the oxidation state of the manganese, which results
in the thinning of the manganese oxide over layer. This thinning is confirmed by an increase
in the Si 2p signal following anneal to 3% of the overall XPS signal, which suggests that more

of the substrate now falls within the sampling depth of XPS owing to the thinner overlayer.

The manganese 2p spectra of both the as-received metallic manganese and Nitrogen
containing Mn films shown in figure 3.4 both display peak profiles consistent with manganese
oxide. As per previous studies, the metallic manganese is found to be in the mixed phase

+3/+2 oxidation state[10].
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Figure 3.3: XPS survey spectrum of metallic manganese and nitrogen incorporated on TEOS after
400°C anneal

In order to better understand the chemical state of the manganese in Nitrogen
containing Mn, peak fitting analysis was carried out following the parameters determined by
Beisinger et al.,[13] to determine the oxidation state of the manganese in the film. From these
parameters, the film is determined to be predominantly manganese (lll) oxide. However, the
peak at 638.8 eV binding energy indicates that there is a metallic Mn signal in the film. Despite
the inclusion of six component peaks relating to the manganese (lll) oxide and one peak
relating to the residual metal, it is difficult to get an entirely accurate fit in the area ~642.5 -
~647.0 eV. This may be attributed to either small amounts of nitrogen incorporated dispersed
throughout the film, or trace amounts of another Mn oxidation state beyond the manganese

(1) oxide as previously discussed.
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Figure 3.4: Manganese 2p spectra for the Mn and Nitrogen containing Mn film with fitted
components (for Nitrogen containing Mn) before and after thermal anneal

The curve fitting parameters utilized are tabulated in table 3.2 below.

Before anneal After anneal
Peak position Gaussian Peak position Gaussian
(eV) width (eV) (eV) width (eV)
641.3 1.25 640.3 1.7
643.5 1.30 641.5 1.7
644.3 1.30 642.3 1.7
645.3 1.30 643.2 1.7
646.4 1.25 645 3.5

Table 3.2: Curve fitting parameters for Min 2p spectra

70




As it is difficult to unambiguously determine the precise oxidation state of the
manganese in the nitrogen incorporated film from the Mn 2p spectrum, analysis of the Mn 3s
spectrum, and in particular the splitting between the two constituent peaks could prove
helpful in determining the oxidation of the manganese film. The Mn 3s spectrum of the as
loaded film shown in figure 3.5 suggests that the manganese is present predominantly in the
+3-oxidation state as evidenced by a peak separation of 5.5 eV[14]. Angle resolved spectra
(not shown) which have an increased surface sensitivity display a reduction in the
concentration of metallic manganese, indicating that the manganese metal is buried near the

interface and protected by the overlying manganese oxide.

| L
6.0 eV

Mn 3s
I [

Mg Ko 1 |

MnN on TEOS : 55 gV : I 825 eV
| [
|
I

|
|
(-
CECU N
1|
|
1|

400° C anneal

‘V\N..._«J M

Mw T
w\w E E As loaded MnN

Normalised Intensity

Wy

95 20 85 80 75
Binding Energy (eV)

Figure 3.5: Mn 3s spectra from the Nitrogen containing Mn film showing the change of oxidation
state from +3 to +2 on anneal
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Upon 200°C thermal anneal, the Mn 2p peak profile changes significantly. This is
attributed to the manganese (lll) oxide being converted to manganese (IlI) oxide within the
oxygen deficient environment of the UHV chamber. The presence of the distinctive shake-up
feature at 645 eV is a strong indicator of Mn in a +2 oxidation state[13]. Fig 3.5 confirms this
change in oxidation state of manganese on anneal. The Mn 3s spectrum splitting changes

from 5.5 eV (+3 oxidation state) to 6 eV corresponding to +2 oxidation state [14].

Although, the Mn 2p and Mn 3s spectra are inconclusive in determining the presence
of nitrogen incorporated as the film is predominantly oxidised, the N 1s spectra for a Nitrogen
containing Mn sample is shown in figure 3.6 indicates the presence nitrogen in a single
chemical state in the as loaded sample. Although the concentration of nitrogen is small as
discussed above, the signal is strong enough to easily resolve the chemical state of the
nitrogen. The nitrogen is in a single chemical state with a binding energy of 397 eV which is
consistent with manganese-nitride in -3 oxidation state, as metal-nitrides have binding

energies below 398 eV[15] in agreement with electronegativity values.
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Figure 3.6: N 1s spectrum of nitrogen incorporated before and after anneals
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Upon thermal annealing, we observe the growth of an additional component peak at
398.7 eV consistent with nitrogen in -2 oxidation state. As discussed above, thermal annealing
causes the reduction of manganese from a +3 to a +2 oxidation state. This results in the
expulsion of oxygen from the film, but the growth of the peak in the N 1s spectrum at a
binding energy of 398.7 eV, is consistent with the partial decomposition of the Nitrogen
containing Mn and a chemical interaction between the nitrogen in the film and the released
oxygen resulting in the formation of a manganese oxynitride species. As the electronegativity
of O is higher than that of N, adding O-N bonds to the Mn-N environment would result in the
observed increase in the binding energy of the associated N atoms. The curve fitting

parameters utilized were tabulated below.

Peak position (eV) | Gaussian width (eV)
397.0 14
398.7 1.7

Table 3.3: curve fitting parameters for N 1s spectra

The C 1s spectra shown in figure 3.7 shows three peaks at binding energies of 285 eV,
286.7 eV, and 288.6 eV corresponding to C-C, C-O, and C=0 bonds respectively [16]. The
chemical precursor for Nitrogen containing Mn deposition contains both manganese and
nitrogen in the same molecule and as we deduced from composition calculations, there is
evidence of the presence of some unreacted precursor in the deposited film. The C-C (285 eV)
bond maybe attributed to the presence of both surface contamination and unreacted
precursor while the C-N (286.7 eV) and C-O (288.6 eV) bonds are from the precursor. The

thermal anneal reduces the amount of C-O and C=C bonds.

The enthalpy of formation of manganese carbide is low compared to that of
manganese oxide[17]. If there is metallic manganese present in the film, it would be expected
to readily form a metal carbide with the carbon present in the film [18]. The absence of

carbide implies the absence of free metal present in the nitrogen incorporated film. However,
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this conflicts with the fitting of the Mn 2p spectrum which requires a metallic component to
arrive at an accurate fit. However, as mentioned the metallic component may correspond to

manganese in a nitride state, which leaves no free metallic manganese to form Mn-carbide.
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Figure 3.7: C 1s of Nitrogen containing Mn on TEOS XPS spectrum before and after 400°C anneal

The curve fitting parameters used for C 1s spectra are tabulated below:

Peak position (eV) | Gaussian width (eV)
285.1 15
286.7 1.3
288.3 1.1

Table 3.4: Curve fitting parameters for C 1s spectra

As well as being of interest for adhesion promotion, manganese based films have the

potential to form MnSiOs at the interface with the ILD, which has been shown to be an

effective copper diffusion barrier. The nitrogen incorporated films studied in this work show
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manganese silicate formation as evidenced by analysis of the Si 2p displayed in Figure 3.8.
The Si 2p spectrum shows a peak at 102.4 eV corresponding to manganese silicate as the
MnSiOs binding energy position is 1.1 eV from the SiO, binding energy position (103.8 eV)[19].
The peak fitted profile of the O 1s spectra also suggests the presence of manganese silicate.
Upon annealing, the surface concentration of the nitrogen incorporated films was removed
and hence more of the substrate signal was detected. This can be evidenced by increase in
peak area at 533.3eV and decrease in the signal to noise ratio of Si 2p spectra. In addition, the
change in profile of the O 1s spectra confirms the conversion of Mn(lll) oxide to Mn(ll) oxide

on vacuum anneal, as discussed above. The curve fitting parameters were also tabulated

below.
a4
0 1 Mn oxide i Si0, (103.8 eV) S = 2
S (530 eV) | p
Mg Keo Nn Silicate
N Containing (1024 eV)
Mn on TEQS
- |Si02 5333 eV}| 400° C anneal
E -
@ Mn silicate
£ (5315 eV)
e}
i)
0
E 200° C anneal
]
=
As loaded
iy
d 1 d 1 d 1 d 1 . | " 1 " I " 1 " 1 d I d 1 d 1 d
545 540 535 530 525 110 108 106 104 102 100 98 96 94

Binding Energy (eV)

Figure 3.8: Si 2p and O 1s spectra showing the presence of manganese silicate following Mn
deposition and the improved signal to noise upon anneal due to film thinning

Peak position (eV) | Gaussian width (eV)
103.8 1.39
102.4 1.70
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Table 3.5: Curve fitting parameters for Si 2p spectra

One of the factors studied was whether the thickness and quality of SiO, substrate will
affect the formation of Mn silicate barrier. For this study, three different substrates were
used: thick thermally grown SiO; (dryox), sol-gel grown SiO2 (TEOS) and native SiOz (Silane).
As received substrate Si 2p spectra is shown in the figure 3.9. The dryox and TEOS substrates
show single peak SiO; at 103.8 eV corresponding to +4 oxide and as there are no other peaks,
there was no sub-oxides present after the deposition of SiO,. While there is a small peak at
103.8 eV in the silane substrate, the bulk peak at 99.6 eV dominates which shows that the

silane substrate is a native oxide as intended.
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Figure 3.9: Si 2p spectra of as received substrates of (i) dryox (ii) TEOS (iii) Silane

The Si 2p spectra shown below in fig 3.10 indicate the presence of Mn silicate even at
deposition process on all substrates. Even though the silane substrate is intended to be a thin
SiO; as indicated in the fig 3.7, the deposition process involve the growth of more SiO; along
with deposition of Mn film containing small amount of nitrogen and growth of Mn silicate

similar to other SiO; based substrates. Although Mn silicate is formed on all substrates, the
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ratio of peak heights of SiO2: Mn silicate is more on the dryox substrate compared to TEQOS

and silane.

As received

Si 2p
N containing Mn
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Mn Silicate
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Silane

Normalised Intensity

11:')4 162
Binding Energy (eV)

T T
108 106

Figure 3.10: Si 2p spectra of as received nitrogen containing Mn films on (i) dryox (ii) TEOS (iii) Silane

Peak position (eV) | Gaussian width (eV)
103.8 1.1
102.5 1.0
101.3 14

Table 3.6: curve fitting parameters for Si 2p on all 3 substrates

Upon annealing, the growth of the manganese silicate is similar in all three substrates.
Since the ratio of the manganese silicate to the SiO, peak area is more in dryox substrate than
in the silane and TEOS substrate, the quality of the SiO, grown does affect minimally the

growth of manganese silicate barrier at the interface before and after anneal.
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Figure 3.11: Si 2p spectra of 400°C annealed nitrogen containing Mn films on (i) dryox (ii) TEOS (iii)
Silane

Peak position (eV) | Gaussian
103.8 1.1
102.5 1.0

Table 3.7: curve fitting parameters for Si 2p on all 3 substrates after anneal

Most of the manufacturing processes include surface treatments and one of the most
used surface treatment process is degas of the substrate before and after the deposition
process (pre and post bake treatments) to control the amount of surface moisture present
during deposition. Herein we studied the effect of substrate degas on growth of manganese

silicate. Fig 3.47 show the as deposited N containing Mn films on both degassed and non-
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degassed TEOS substrates. Mn silicate grows equally on both substrates with and without

degas during deposition conditions.
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Figure 3.12: Si 2p spectra of as received nitrogen containing Mn films on (i) TEOS with degas
substrate (ii) TEOS with no degas substrate both showing the presence of Mn silicate barrier upon
deposition

Peak position (eV) | Gaussian
103.8 1.1
102.5 1
Table 3.8: curve fitting parameters for Si 2p before anneal on sample with and without degas

Upon annealing, there was a considerable growth of Mn silicate on TEOS with no degas
substrates while a minimal growth on TEOS with degas substrate. This can be attributed to
the presence of more moisture which serves as an oxygen promoter for the formation of more
Mn silicate. In the degassed substrate, less moisture leads to minimal growth of Mn silicate.
Hence, the surface treatment, especially substrate degas, affects the growth of the barrier

layer. The fitting parameters were maintained the same as before annealing.
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Figure 3.13: Si 2p spectra of 400°C annealed nitrogen containing Mn films on (a) TEOS with degas

showing minimal changes to barrier signal (b) TEOS with no degas showing evolved Mn silicate signal

As most of the samples observed are ex-situ prepared, the manganese films are mostly
oxidised compared to the intended manganese nitride. To study if the oxidation occurs during
the deposition chamber or during transfer, a Ta capped sample was analysed. The Mn 2p
spectra shown in the figure below, indicates the presence of broad peak at 641.6 eV indicate
the presence of Mn oxide during deposition. Although the presence of oxide is less compared

to the uncapped samples, the strong peak at 638.8 eV indicate most of the film unoxidized

and the transfer process causes most of the oxidation of the thin films.

While the changes in the oxidation state of Mn 2p spectra were observed, the TaN

capped nitrogen incorporated Mn sample does not show any significant change on high

temperature anneals.
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Figure 3.14: Mn 2p spectra of TaN capped N containing Mn film before and after 400°C showing no
significant changes on anneal

N 1s and Ta 4p transitions were close to each other from the binding energy
perspective. Hence it is difficult to discern the presence of metal nitrides whether they be
manganese nitride or tantalum nitride. Hence an alternate metal cap required to study the

presence of manganese nitride.

To investigate the impact of nitrogen on the surface morphology and roughness of the
films, atomic force microscopy measurements were carried out on the samples. A 2D Fourier
transform was used to remove the noise frequency during the scans. The images were then
flattened to get an absolute zero point. Figure 3.50(a) shows the AFM image of the Mn metal
film after annealing. The surface of the manganese metal films displayed an RMS roughness
of ~5 nm. However, in the nitrogen incorporated films shown in figure 3.50(b), the surface
was more the surface profile displayed an RMS roughness of <1 nm). It is clear from the
images that even a small amount of nitrogen contributes significantly to lowering the

roughness of the films. This may be due to more uniform oxidation of the Nitrogen containing
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Mn film compared to the metallic Mn film, as both films are heavily oxidised upon air

exposure.
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Figure 3.15: AFM images of (a) Manganese metal film after 400°C anneal (b) nitrogen incorporated
after 400°C anneal

In order to examine the effect of Nitrogen containing Mn on adhesion, conventional
tape testing[20] was applied as a qualitative indicator of adhesion strength. Copper with a
nominal thickness of 80nm was deposited using thermal evaporation through a shadow mask
to form discrete structures with edge length of approximately 500 um. Dektak profilometry
measurements which are shown in figure 3.51 indicate uniform copper structures with
comparable thickness on each sample after analysing multiple structures. The shadowing
effects were observed due to the presence of Si shadow masks to deposit multiple Cu

structures and the angular alighment of the sample from the filament.

The samples were affixed to a glass slide and a tape test was carried out on all three
samples simultaneously using Scotch tape 5912. Low magnification (x100) microscope images
of the test structures before and after the tape test are shown in figure 3.52. Initial images
before the test show clear copper deposition on all three samples in keeping with the Dektak

profiles.
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Figure 3.16: Profilometry measurements of thickness of Cu structures on (a) TEOS substrate (b) Mn
thin film on TEOS (c) Nitrogen containing Mn thin film on TEOS

Following the tape test, the TEOS without any Mn based interlayer shows almost
complete delamination of the deposited copper from two of the four structures that were
tested. Samples with Mn metal show similar behaviour to the bare TEOS substrate, where
again two of the structures show significant delamination. In the case of the Mn-nitride
covered TEQOS, there is almost no visible delamination, indicating that the adhesion of the
copper to the underlying SiO; is indeed improved by Mn-nitride. It is noteworthy that despite

having a nitrogen content of just 5% a noticeable improvement in adhesion is observed.

While it is evident that growth of stoichiometric Nitrogen containing Mn is extremely
difficult given the propensity of manganese species to oxidation it appears that, at least in

terms of improving adhesion, this parasitic oxidation doesn’t degrade performance.
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Figure 3.17: Optical Microscopy images of (a) Cu on TEOS before tape test (b) Cu on Mn metal film
before tape test (c) Cu on Nitrogen containing Mn film before tape test (d) Cu on TEOS after tape
test (e) Cu on Mn metal after tape test (f) Cu on Nitrogen containing

3.4 Conclusion:

In summary, the chemical composition of CVD Mn metal and Mn nitride thin films on
TEOS SiO; substrates has been investigated by photoelectron spectroscopy. It has been shown
that while both films are heavily oxidised by exposure to ambient conditions, the Mn nitride
films contain ~5% nitrogen in the form of MnN homogenously distributed throughout the
entire film. AFM indicates that the incorporation of the nitrogen improves the surface
morphology of the overlayer compared to Mn metal films. Additionally, there is significant
evidence of the formation of Mn silicate at the overlayer-substrate interface without the
application of thermal anneal. In-vacuo thermal anneal up to 400 °C results in the reduction
of the Mn oxide from +3 to +2 and the formation of trace amounts of Mn oxynitride within
the nitride films. The adhesion studies using tape test shows that the copper structures MnN
have better adhesion compared to that of the copper structures on the TEOS substrate or Mn
metal film which helps in confirmation of improved adhesion in presence of 5% nitrogen in

the film. Substrate degas affects the growth of the manganese silicate barrier layer as the
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non-degassed substrate supports more manganese silicate growth than the degassed

substrate after the high temperature anneal.
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4. Material and Electrical Characterization of
Titanium and Manganese based Copper alloys as
self-forming barrier layers for future copper
interconnects

4.1 Introduction

As the chip size decreases with each generation of IC manufacturing, for better
interconnect stack, the thickness of the barrier layer should be minimum, as the resistivity of
barrier adds to the time delay of the entire device[1]. Also, the minimum thickness of the
barrier adds more available area to the copper interconnect. The concept of self-forming
barrier evolved with this aim and consequently research has been proposed on various
metals/alloys replacing Ta/TaN stack as the self-forming barrier for copper interconnect[2].
One of the methods for depositing self-forming barriers and adaptable with current
production technique is by deposition of copper based alloy and on anneal due to varying
diffusivity of copper and the barrier metal, metal segregation occurs at all interfaces. The
excess metal can then be removed from the copper surface while barrier is formed at the

dielectric interface.

Various alloying metals have been proposed, like Mn[3], Ti[4], Zr[5] etc. Mn is found
to be a good self-forming barrier metal forming manganese silicate[6] with dielectric on
anneal while Ti is analysed in great deal[7] and has been used as the adhesion liner for
previous generation of interconnects with Al. The alloying concentration of metal also plays
an important role as the alloying metal might be more resistive compared to copper thus

adding to the time delay.

The other advantage of the self-forming alloy barrier is the diffusion barrier itself
acting as the adhesion liner, rather than a separate adhesion liner for copper metal. Initially
a 5% Mn/Ti — Cu alloy was analysed. Although the resistivity was low, on anneal, both copper
and copper alloys films delaminated indicating that the concentration of the alloying metal

needs to be increased. The delaminated films after annealing are shown in the fig 4.1 below:
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Figure 4.1: Delamination of (a) 5% CuMn (b) Cu and (c) CuTi on SiO, upon 400°C anneal

In this chapter, CuMn and CuTi alloys of 20% by wt were analysed for material
composition as well as electrically to determinethe feasibility of the alloys as self-forming
diffusion barrier. A pure copper film is deposited with similar deposition conditions and

compared to the self-forming alloys.

4.2 Experimental Work:

Alloys of 20% CuMn and CuTi were deposited in the Tyndall National Laboratory using
sputtering. Alloy targets are manufactured by Testbourne Ltd, UK. The blanket layers and the
MOS structures are then analysed for material composition and electrical studies

respectively.

Initial XPS characterization was carried out using conventional Mg Ka X-ray source
(photon energy 1253.3 eV) and analyser parameters of 20 eV pass energy. The chamber
pressure is maintained at 5 X 10° mbar during the measurements. As the thickness of the
alloy films were more than the sampling depth of conventional XPS, no substrate signal was
detected. As a result, the study focusses more on the interface characterization using HAXPES

measurements.

HAXPES measurements used in this work were carried out at the synchrotron source
at DESY Hamburg, Germany. The photon energy used is 5900 eV while a 100 eV pass energy
is used. The spot size of the X-ray beam was ~ 110 um in diameter. Multiple spots were

analysed to assess the uniformity of the deposited films while both CuTi and CuMn are loaded
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on same sample holder to get identical annealing conditions. A pure Cu film was also analysed

and compared with the alloy sample results.

Although the photoemission measurements determine the elemental
characterization, cross sectional depth profile measurements were carried out using SIMS
measurements of both as received and 400°C annealed samples. Combined measurements
of HAXPES and SIMS allows for the characterization of the alloy — substrate interface of 20nm

thick samples deposited under industrial manufacturing conditions.

Peak fits were performed for the photoelectron spectroscopy (both conventional XPS
and HAXPES) using AAnalyzer curve fitting software program version 1.20. While Silicon (2p
and 1s), O 1s and C 1s spectra were fitted using Voigt profile, metallic core level spectra are
fitted using Voigt — asymmetric profiles. Shirley Sherwood type background fitting was used

on peak profiles.

CV measurements were carried on the MOS structures of CuTi and CuMn 20% alloys
using an Agilent 4156C Precision Semiconductor Parameter Analyzer with samples mounted
on a Cascade Semiautomatic electrical probe station. As the sample holder itself acts as one
of the electrical contacts (bottom contact with the substrate), only a single tip is used in the
probe station as a top contact. Separate measurement runs for accumulation and inversion
were carried out, each starting at V = 0. Similar split measurement runs starting at V = 0 were

carried out for the IV characteristics as well.

4.3 Results and Discussions

Initial XPS measurements were taken on the 10 nm CuTi and CuMn samples. Fig 4.2
shows the as received Cu, CuTi and CuMn survey spectra. From the XPS survey spectrum, the
presence of Cu, Ti, O and C in the CuTi alloy samples were observed while Cu, Mn, O and C
are observed on CuMn samples. In both samples the substrate signal was absent as there is
no peak corresponding to Si 2p at 100 eV and Si 2s at 150 eV[8] showing that the alloy film is

thicker than the sampling depth of the conventional XPS system. Presence of multiple satellite
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peaks ~945 indicate presence of copper oxide. A significant amount of oxygen is present in

the spectra indicating the presence of Cu oxide and alloying metal oxides (MnO and TiO3).
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Figure 4.2: XPS Survey spectra of as received (i) 20% CuMn sample and (ii) 20% CuTi sample
specifying the elements present in the sample

Fig 4.3 shows the annealed survey spectra indicating the increase in the alloying
element (Ti/Mn) due to segregation of individual metals from the Cu alloys. It also shows
decrease in the intensity of C 1s peak which can be attributed to the removal of carbon
contamination at the surface of both CuMn and CuTi samples. The decrease in the O 1s peak
intensity may be attributed to the reduction of copper oxide to metallic copper shown by the
absence of satellite peak at ~945 eV after anneal and removal of surface contamination upon
annealing. The detailed chemical compositions derived from the XPS measurements shown
in table 4.1 indicate the decrease in oxygen concentration showing that the reduction of the
metal after the anneal. The presence of high C 1s concentration after the anneal show that
the C contamination is present throughout the film. The ratio of the Cu: alloy metal changes

after the anneal indicating that the alloying segregate at the surface after the anneal.
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Figure 4.3: Annealed 20% CuMn and 20% CuTi XPS spectra showing metal segregation and surface
copper oxide reduction to metallic copper on 400°C anneal

O1s(%) C1s(%) Ti2p (%) Cu2p (%)

CuTi as received 42 37 8 13
CuTi 400°C anneal 35 37 20 8
O1s(%) C1s(%) Mn2p (%) Cu2p (%)

CuMn as received 41 36 8 15

Table 4.1: XPS chemical composition of (i) CuTi as received and annealed (ii) CuMn as received and
annealed

Although, both samples show segregation of alloying metal, there is more Mn
segregation at the surface in CuMn sample after annealing compared to Ti in CuTi sample.

The change in the ratios of Cu:Ti and Cu:Mn is shown in the table 4.2.
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Cu Mn

CuMn as received 66 34
CuMn 400C anneal 8 92

Cu Ti
CuTi as received 78 22
CuTi 400C anneal 30 70

Table 4.2: XPS based calculations of Cu and metal ratios of CuMn and CuTi alloy samples before and
after annealing

Table 4.2 shows the ratio of Cu and alloying metal in CuTi and CuMn alloy samples
within the XPS sampling depth before and after the thermal anneals. Although, the initial alloy
targets of CuMn were 80:20 ratio, the calculated chemical composition from the XPS
measurements show the Cu/Mn ratio to be 66:34 which is the eutectic composition[9] for
CuMn alloy. The CuTi ratio is calculated to be 78:22 which is similar to the specified elemental
ratio in the sputter target (80:20). On anneal, as expected, the metal segregate at the surface.

Cu:Mn ratio after anneal was found to be 8:92 while Cu:Ti ratio was 30:70.

The HAXPES survey spectra shown in fig 4.4 show the presence of the silicon substrate
signal. The survey spectra also show presence of C 1s, O 1s and alloying metal (Mn 2p).
Although the Cu 2p signal dominates the survey spectra, the narrow windows scans can easily
detect the alloying elements. The 400°C anneal plot indicate the presence of more Mn 2p
resulting from the metal segregation while the concentration of C 1s and O 1s peaks were
reduced after the anneal through the reduction of the metal oxides and removal of surface

contamination.
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Figure 4.4: HAXPES Survey spectra of (i) 20% CuMn sample as received (ii) 20% CuMn sample after

400°C anneal

Cu 2p spectra before and after thermal anneal of CuTi sample shown in fig 4.5 indicate

presence of CuO which is removed on anneal indicated by the narrow peaks and the absence

of satellite feature at 945 eV binding energy. Although copper is reduced, the oxygen peak

height remains the same. It indicates the possibility of the oxidation of alloy metal by the

oxygen released by reducing the copper. While there are changes in the Cu 2p spectra of CuTi,

there are minimal changes observed from Cu 2p spectra of CuMn before and after thermal

anneals.

The HAXPES manganese 2p spectrum of the as loaded 20% CuMn sample (shown in

fig 4.6) displays a peak profile consistent with manganese oxide. The manganese in CuMn

alloy sample is found to be oxidised and in the mixed phase +3/+2 oxidation state (multiple
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peak components between 639.5 eV and 643 eV) while the reference thick metallic Mn film
forms Mn +4 oxide. However, the peak at 638.8 eV binding energy indicates that there is a
metallic Mn signal in the film. Comparatively, the reference Mn film show definitive +4 Mn

oxide as well as a strong Mn metallic peak[10].
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Figure 4.5: Cu 2p spectra of (a) reference Cu and CuMn alloy on SiO, before and after 400°C anneal
indicate absence of Cu oxide (b) reference Cu and CuTi alloy on SiO, before and after 400°C anneal

Upon 400°C thermal anneal, the Mn 2p peak profile changes significantly. This is
attributed to the manganese (lll) oxide being converted to manganese (ll) oxide within the
oxygen deficient environment of the UHV chamber. The presence of the distinctive shake-up
feature at 645 eV is a strong indicator of Mn in a +2 oxidation state [11]. Also, the metallic Mn
peak at 638.8 eV decreases, showing that the oxygen released from reduction of +3 Mn oxide
reacting with any residual metal present in the alloy film resulting in formation of more +2

Mn oxidation state (oxide/silicate).

O 1s spectra shown in fig 4.7 for the CuMn alloy, indicate the presence of multiple
oxygen peak components in the as loaded sample. The SiO; substrate signal can be observed
by the peak at 533.2 eV while the peak for metal oxide can be observed at 530.5 eV. The peak
positions agree with the previous studies from our group[8]. As indicated in the XPS survey
spectra shown in fig 4.2, there is a presence of copper oxide as well. As the sample is

deposited by sputtering, presence of multiple sub-oxides as well as C-O bonds corresponding
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to the peaks between 530 eV and 533 eV were observed in the as loaded sample. As the
presence of multiple sub-oxides are present, the presence of manganese silicate cannot be

determined with accuracy.
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Figure 4.6: Mn 2p spectra of Thick Mn and CuMn alloy on SiO; before and after 400°C anneal
showing the presence of shake-up feature after the anneal while Mn metallic signal is observed on
before and after anneal samples

The anneal removes the multiple components due to sputter damage during the
deposition (sputtering) as the process is considerably destructive at the interface and surface
contamination. The 200°C annealed sample clearly shows the presence of manganese silicate

at 532 eV which grows on further high temperature anneals. The peak positions are consistent
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with the previous studies on manganese silicate. Annealed CuMn sample also shows the

conversion of Mn +3 oxide to Mn +2 oxide.
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Figure 4.7: O 1s spectra of Thick Mn and CuMn alloy on SiO; before and after 400°C anneal showing
the presence of Mn silicate barrier in the after anneal sample

Before anneal After anneal
Peak poistion Gaussian Peak position Gaussian
(eV) width (eV) (eV) width (eV)
530.3 1.2 530.8 1.2
531.6 1.4 532.0 1.1
532.3 1.4 533.8 1.3
533.8 1.3

Table 4.3: Curve fitting parameters for O 1s spectra of CuMn sample before and after annealing

Si 1s spectra shown in fig 4.8 indicate that the signal is obtained from the Si substrate.

This shows that the sampling depth is large enough to observe the signal from the complete

alloy and SiO; film and the silicon substrate. The as received CuMn spectrum shows multiple

transitions along with the ones corresponding to SiO, (1844.8 eV) and bulk Si (1839 eV)[12].

The peak at 1843 eV can be attributed to the silicate component while the peak at 1841 eV
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can be attributed to the sub-oxides formed due to the sputter damage. the formation of

manganese silicate indicate that the barrier is formed upon deposition.

The growth of the peak at 1843 eV after the 400°C anneal corresponding to the

manganese silicate peak attests to the facts obtained from the O 1s spectra. The peak at 1841

eV corresponding to the sub-oxides formed due to the sputter damage is also removed upon

anneal.
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Figure 4.8: Si 1s spectra of CuMn alloy on SiO; before and after 400°C anneal showing clear

indication of the growth of Mn silicate barrier upon anneal

Peak position (eV) | Gaussian width (eV)
1843.9 1.3
1842.1 14
1840.1 1.0
1839.0 1.0

Table 4.4: Curve fitting parameters for Si 1s spectra of CuMn sample before and after annealing
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Ti 1s spectra shown in fig 4.9 indicate that the as received alloy sample has both
metallici.e., Ti (0) oxidation state peak at 4965 eV as well as titanium dioxide i.e., Ti (4+) peak
at 4969 eV. Upon thermal anneal, the peak intensity at 4965 eV decreases while the TiO, peak
becomes broader. The peak at 4970.5 eV may be attributed to the formation of titanium
silicate at the interface of the alloy and SiO,. Multiple sub-oxides were observed between
4965.8 eV and 4967.8 eV in the after anneal sample due to the interaction between the Ti

and the SiO; dielectric at the alloy-dielectric interface.

20% CuTion

Tils 20 nm thermal SiO2

hv=15.95 KeV

400*C anneal

Normalised Intensity

Ti metal .
As received

T | T T T T
4974 4972 4970 4968 4966 4964 4962 4960

Binding Energy (eV)
Figure 4.9: Ti 1s spectra of CuTi alloy on SiO; (a)before anneal indicate single state TiO, and residual

metal at the surface and (b) after 400°C anneal showing formation of Ti silicate along with Ti sub-
oxides while Ti metal is consumed

Before anneal After anneal
Peak poistion Gaussian Peak position Gaussian
(eV) width (eV) (eV) width (eV)
4965.0 0.6 4966.0 1.0
4968.7 1.2 4967.0 1.0
4968.7 1.2
4970.0 1.0
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Table 4.5: Curve fitting parameters for Ti 1s of CuTi sample spectra before and after annealing



Further investigation of the O 1s spectra shown in fig 4.10 show a high intensity peak
at 530.6 eV indicate the presence of titanium dioxide[13]. There is a slight decrease in the
peak intensity of titanium dioxide after the anneal and consequently can be attributed to the
formation of titanium silicate. The other peaks in the as loaded sample can be attributed to
the C—0 (531 eV), sputter damage and sub-oxides at 532 eV and substrate SiO, peak at 533.3
eV. On anneal, multiple peaks are observed even though the sputter damage and carbon
contamination are reduced. This may be attributed to the formation of titanium silicate[14]

and various Ti oxides due to the interaction of Ti with the SiO; substrate.
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Figure 4.10: O 1s spectra of CuTi alloy on SiO; (a) before anneal and (b) after 400°C anneal showing
multiple peak components corresponding to SiO,, TiO; and possibility of Ti silicate after the anneal

Before anneal After anneal
Peak poistion Gaussian Peak position Gaussian
(eV) width (eV) (eV) width (eV)
533.3 1.1 533.3 1.1
532.5 1.0 532.7 1.0
531.5 1.0 531.5 1.0
530.0 1.0 530.0 1.0

Table 4.6: Curve fitting parameters for O 1s spectra of CuTi sample before and after annealing
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Multiple peak components were observed from the HAXPES Si 1s spectra of CuTi alloy

shown in fig 4.11. The peak 1839 eV corresponds to the presence of bulk Si substrate signal

while the peak at 1843.8 eV show the presence of strong SiO; signal. The presence of bulk Si

peak indicates that the sampling depth of HAXPES spectra is more than 30 nm. The peaks

between 1839 eV and 1843.8 eV show the presence of silicon sub-oxides. As the substrate is

thermally deposited SiO, with no sub-oxides present, the sub-oxides must be formed during

the deposition of CuTi alloy. As the sputtering process generally involves high powered ions

impacting the surface of the substrate, there will be considerable defects at the substrate

surface known as sputter damage. The sub-oxides peaks observed from the Si 1s spectra can

be attributed to the sputter damage.
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Figure 4.11: HAXPES Si 1s spectra of (a) as received and (b) 400°C annealed 20% CuTi sample

Before anneal

After anneal

Peak position (eV)

Gaussian width (eV)

Peak position (eV)

Gaussian width (eV)

1843.8 1.3 1843.8 1.3
1842.0 1.0 1842.2 1.0
1840.0 1.0 1839.0 1.0
1839.0 1.0

Table 4.7: Curve fitting parameters for Si 1s spectra of CuTi sample before and after annealing
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After annealed plot show that the sub-oxide states formed due to the sputter damage
were removed on anneal. The SiO; peak is asymmetric indicating the presence of multiple
chemical states after the anneal. Although the peak position is in corresponding for the
formation for titanium silicate, further investigation is required to study the presence of

titanium silicate at the interface of CuTi alloy and dielectric.
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Figure 4.12: C 1s spectra of (a) thick Ti on SiO2 showing the presence of Ti carbide (b) CuTi alloy on
SiO2 before anneal and (c) CuTi on SiO2 after 400°C anneal showing no peak components
corresponding to Ti carbide indicating absence of free Ti metal

C 1s spectra are shown in fig 4.12. Due to high concentration of surface contamination
in CuTi sample, a strong peak at 285.1 eV was observed even after annealing along with a
peak at 286 eV and 288 eV corresponding to C-O and C=0 contaminations[15]. In the
spectrum of a reference Ti sample, there is a detectable Ti carbide peak at 282 eV[16].
Absence of the Ti carbide peak in the CuTi sample indicate the absence of Ti metal present at
the surface. Even after the anneal, there is still a strong peak at 285.1 eV and the absence of
Ti carbide indicate absence of free Ti metal segregation at the surface as confirmed by the Ti

1s peak profile.
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Peak position (eV) | Gaussian width (eV)
282.0 1.0
285.3 1.1
286.7 1.7
289.0 1.2

Table 4.8: Curve fitting parameters for C 1s spectra of CuTi sample

4.2.1 SIMS Analysis

A SIMS depth profiles for the CuMn sample before and after anneal are shown in fig
4.65. The SIMS plot for the as received sample confirms the results obtained through HAXPES
measurements. There is evidence of Cu and Mn homogenously distributed through the alloy

film and there is no metal oxide signal observed in the sputter deposited metal film. There is

a relatively abrupt interface between the SiO; substrate and the alloy film.

The after anneal profile clearly shows the segregation of the Mn to the surface of the
Cu film where it becomes oxidised. There is also evidence for some of the Mn which has
diffused to the bottom interface of the alloy that it has chemically interacted with the SiO,,
consistent with the formation of manganese silicate. It should also be noted that the Cu signal

at this interface drops to zero further into the SiO, layer which is consistent with the

manganese silicate acting as an effective Cu diffusion barrier layer.
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Figure 4.13: SIMS profile of (i) 20% CuMn as received sample and (ii) 20% CuMn sample after 400°C
anneal indicating the segregation of Mn metal at the interface as well as formation of Mn silicate

barrier upon annealing
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The CuTi SIMS profiles before and after annealing are shown in fig 4.66. As was
observed for the the CuMn alloy sample, in the as received CuTi sample, both elements are
present at fairly uniform concentrations through the film and there is no metal oxide present
in the bulk of the alloy film. SIMS plots of CuTi sample after annealing shows segregation of
the metallic Ti to both upper and lower interfaces of the alloy. While there is a segregation
process upon anneal, there is no clear distinction of the segregated metallic films as observed
with the CuMn sample. Also, there is evidence of some diffusion of both Cu and Ti metals into
the SiO; substrate. Also, at the interface of the alloy and substrate after anneal sample, there
is a clear evidence for formation of titanium silicate further supporting the observations from

the HAXPES data.
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Figure 4.14: SIMS profile of (i) 20% CuTi as received sample and (ii) 20% CuTi sample after 400°C
anneal showing incomplete segregation of Ti with no clear indication of Ti-SiO2 interface barrier
layer

4.2.2 Electrical characterization

Four-point probe measurements on the CuMn and CuTi samples indicate high sheet
resistance, 5.7 x 107 Q m and 7.5 x 107 Q m respectively, compared to that of the pure Cu

thin film sample (9.13 x 10 Q m) and the known value of the bulk resistivity of Cu (1.72 x 10
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8 O m). Higher sheet resistance in CuTi alloy sample compared to the CuMn sample may be

attributed to the presence of high concentration of TiO; at the sample surface.

Upon various anneals, the resistivity of the alloy films decreases as the individual

metals segregate from the alloy films. CuMn films after 500°C anneal show lower resistivity

compared to that of CuTi films. This is consistent with the SIMS data showing more effective

expulsion of the alloying element for the CuMn film compared with the CuTi film. As the CuMn

sample show a eutectic composition, after the first anneal, the change in resistivity is high

while the further high temperature anneals doesn’t show much difference. CuTi sample on

the other hand the change in resistivity is significant at 400°C annealing step.
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Figure 4.15: Four-point probe measurements of (i) 20% CuMn (ii) 20% CuTi (iii) pure Cu and (iv)

reference bulk Cu resistivities before and after various annealing steps
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CV measurements of the pre-anneal CuMn samples were analysed and shown in fig
4.68. Multiple MOS structures of area 200um x 200um were analysed at four different
frequencies — 1KHz, 10KHz, 100KHz and 1MHz. No discernible variability was observed
between various devices. Presence of large hysteresis confirms the presence of large charge
accumulation due to interface states at the alloy-substrate interface due to sputter damage.
The larger hysteresis at higher frequencies can be attributed to the high amount of trapped
charges at higher frequencies. The trapped charges also cause shift in the flat-band voltage at
various frequencies. The capacitance obtained is significantly higher than the ideal
capacitance containing single insulating layer (in this case SiO2) MOS structure. The increase
in the observed capacitance can be attributed to the formation of multiple sub-oxide states

and the substrate-alloy interactions.
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Figure 4.16: CV analysis of as received 20% CuMn MOS structures showing large hysteresis
corresponding to trapped and mobile charges upon deposition conditions

Fig 4.17 show the post-anneal CuMn CV profile. Post-anneal CuMn show no variation
between various MOS structures as well as a complete elimination of the hysteresis in the
measurements. This confirms that the annealing significantly improves the electrical

characteristics of these structures however, there is still evidence of the presence of
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interfaces states., the actual capacitance is decreased significantly after the anneal closer to
that of the ideal capacitance for the thickness of the SiO> film. This can be attributed to the
complete segregation of Mn from alloy forming Cu strip as observed from the SIMS plot after
annealing. Flat-band voltage is nearing O indicate minimal amount of interface states. This is
also confirmed by the change in the flat-band voltage position upon multi-frequency CV

analysis.

CV analysis of the pre-anneal CuTi sample shown in fig 4.70 indicates a small variability
in multiple devices analysed. As before, sputter damage, consistent with the formation of sub-
oxides states in the as received sample HAXPES Si 1s spectra, is the main cause of the non-
ideal responses, providing many defect sites that allow the migration of Ti into SiO; to form a
higher k -value TiSixOy on high temperature anneals The change in the flat-band voltage shift
although present, the shift at various frequencies are smaller compared to the CuMn MOS

structures.
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Figure 4.17: CV analysis of 20% CuMn MOS structures after 400°C anneal show improved
capacitance as well as the hysteresis is reduced
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Figure 4.18: CV analysis of as received 20% CuTi MOS structures indicating the presence of trapped
and mobile charges upon deposition
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Figure 4.19: CV analysis of 20% CuTi MOS structures after 400°C anneal show removal of hysteresis
as well as flat-band voltage approaching zero
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Similar to the CuMn post-anneal sample, CuTi show no variation between various MOS
structures as well as a complete elimination of the hysteresis in the measurements.
Comparatively, in CuTi samples, although overall capacitance is decreased due to the removal
of sputter damage, the actual capacitance is still higher compared to the ideal capacitance.
Compared to CuMn sample, upon multi-frequency CV analysis the plots are close together
and the flat-band voltage is almost 0. The increase in the actual capacitance may be attributed
to a thick oxide at the surface and possibly a higher dielectric constant of titanium silicate[17],

formed after the anneal at the interface between the SiO; and the alloy..

4.4 Conclusions:

XPS and HAXPES studies indicate that the 5% alloys the annealed samples show
delamination of the alloy film. 20% alloys indicate the presence of both metal and Cu and
upon annealing manganese/titanium silicate is formed. It is further confirmed by the SIMS
analysis which shows clear evidence of segregation of the alloying elements to the surface
where the metal becomes oxidised and to the interface with the SiO2 where silicates form.
Four-point probe measurements show that the CuMn and CuTi 20% alloys have higher
resistivity compared to copper and upon annealing, while CuMn show decrease in resistivity
while CuTi sample show higher resistivity compared to CuMn sample. CV analysis shows that
both CuMn and CuTi samples has sputter damage which is removed on annealing. CuMn has
lower capacitance compared to CuTi samples but the interface states are higher than in CuTi
sample. As the future generation of interconnects focusses on reducing the RC time delay,
the lower resistivity and capacitance observed in CuMn samples show that CuMn is more

favourable than the CuTi alloy system for the BEOL self-forming barrier - interconnect stack.
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5. Cobalt and Titanium based interconnect and

barrier stack for future interconnects

5.1 Introduction

The resistivity of the Cu interconnect rapidly increases on decrease in size of IC nodes
and approaches unacceptably high values on sub-10 nm nodes. Despite bulk resistivity being
low, resistivity of the Cu interconnect line rises rapidly on scaling as a result of increased
electron scattering from small Cu grains and diffusive surfaces [1]. The need for a thick and
often highly resistive Cu barrier further reduces the volume available for Cu metal and
increases the total line resistance. Thinner alternative Cu-alloy barrier materials are being
explored to extend Cu for BEOL applications[2]. However, at future nodes Cu interconnects
will become increasingly difficult to meet both line and via resistance technology targets with
reliability. Thus, increased efforts in exploring Cu replacements [3] such as graphene [4] and
cobalt (Co) [5] for via as well as interconnects [6] continue to increase.

As a thin layer of Co upon deposition on SiO; surface forms islands[7], a metal seed
layer is needed to form a uniform thin layer of Co on SiO; based substrates. Self-forming alloys
have been proposed as one of the possible ways to deposit a cobalt based alloy, and on
anneal, the alloying metal segregates at the interface forming a thin adhesion layer for cobalt
which acts as seed layer for further deposition of cobalt. Several metals have been proposed
as the liner material for Co and research has been carried out with metals like W[8], Ru[9] and
Ti.

Among the metals considered as a potential adhesion layer for a cobalt interconnect,
Ti metal has been studied in detail as an adhesion liner for Al interconnects[10]. The process
of integration of Ti into the BEOL with the existing manufacturing process is also well
established compared to other metals. Dielectric constant of Ti silicate barrier layer is tunable
by changing the concentration of TiO2 and hence more suitable in future scaling of the barrier

layers. While the behavior of such metals on SiO; is well understood[11], there have been
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very few fundamental surface chemistry studies of the interactions of these materials with

carbon-containing low-k materials[12].

In this chapter, a detailed synchrotron radiation based photoemission study of the
interaction of titanium deposited in-situ on both SiO, and carbon-containing low-k spin-on-
glass (SoG) [13] (dielectric constant ~2.5) in order to evaluate how titanium interacts with
carbon-containing ILDs has been carried out. Also, the results of Hard X-ray Photoelectron
spectroscopy (HAXPES) and X-ray absorption spectroscopy (XAS) measurements of 20% CoTi

alloy as a possible adhesion liner/Co seed layer for the BEOL Co interconnects are presented.

5.2 A synchrotron radiation photoemission study of metallic

titanium deposited on SiO: based dielectric substrates

The continued scaling of CMOS technology requires the integration of low-k materials
into BEOL processes. If low-k materials and alternative interconnects are to have a future in
advanced CMQOS, a thorough understanding of the surface chemistry of potential liners and
barriers with the SiO; based low-k dielectrics is key. As such, there is a renewed interest in
titanium and its interactions with other metals (cobalt in particular) and advanced low-k

dielectrics[14].

5.2.1 Experimental work

The three silicon oxide based substrates used in this study (all grown on (100) p-type
Si) were native silicon oxide, 5 nm thermally grown SiO2 grown using dry oxidation at 850°C
at Tyndall National Institute Cork, and carbon-containing spin-on-glass (SoG) with 16% carbon
incorporated into the film. SoG films were deposited from a sol-based organo-silica precursor
featuring both terminal and linking carbon groups resulting in 16% carbon incorporation and
a dielectric constant of 2.5[15]) at IMEC Belgium. The sol was spin-coated on top of 300 mm
Si wafers with 1 nm of thermally grown SiO; and soft-baked at 150 °C for 2 minutes followed

by a hard-bake for 2 hours at 400 °C in an N2 atmosphere.
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The surfaces were prepared using thermal degas at 200°C for 2 h, with the ultra-high
vacuum chamber reaching a maximum pressure of 1x10~° mbar during degassing. The
photoemission experiments were carried out on the SX700 beamline at the ASTRID Il
synchrotron in the University of Aarhus. The core level spectra of Si 2p / Ti 3p were obtained
using photon energy of 150 eV, while C 1s spectra was obtained using 325 eV photon energy.
Metallic titanium thin film deposition was performed at room temperature using an Oxford
Applied Research EGCO4 mini electron-beam evaporator, at a chamber pressure of 5x10°
mbar. Identical deposition conditions (vacuum base pressures, times, and electron-beam
settings) were used for titanium depositions on all three substrates. Based on effective
attenuation length (EAL) calculations carried out by comparing the peak area of the substrate
before and after Ti deposition, the titanium over layers were all 1 nm in thickness. In this work
the calculations are made by monitoring the attenuation of the Si 2p peak area before and
after deposition of the over layer. The degree to which the substrate signal is suppressed can
be related to the thickness of the deposited films if the density is known. The calculated
thickness is accurate for homogenous films that display uniform coverage. In the case of very
thin films such as those used in this work, uniform coverage may not be achieved and so the
thickness should be taken as nominal. High temperature vacuum annealing was performed at
pressures 5x10™° mbar, with samples being held at the target temperature for 60 min.
Annealing temperatures between 150 and 500 °C were measured using a thermocouple
attached directly to the sample. All curve fitting analysis presented in this study were

performed using AAnalyser curve fitting software program version 1.20.
5.2.2 Results and Discussion

Figure 5.1 shows the Si 2p spectra for the 5 nm thermally grown SiO; substrate
throughout the experimental sequence. Before Ti deposition, the primary component peak
within the as-loaded Si 2p spectrum at 104.4 eV is attributed to SiO,. No bulk silicon is
observed indicating that the sampling depth of the photoemission spectra acquired at a
photon energy of 150 eV is less than the 5nm thickness of the thermal SiO,. The peak is
comprised of 3 sub-oxides which, as shown by the fit in figure 5.72 contribute little to the

overall signal.
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Figure 5.1: Si 2p spectra of 5nm SiO, upon Ti deposition and anneals showing clear indication of
formation of Ti silicide and upon Ti deposition

Peak position (eV) | Gaussian width (eV)
104.0 1.40
102.8 1.10
101.9 1.00
101.0 1.00
99.0 0.73
98.5 0.67

Table 5.1: Fitting parameters utilized for Si 2p of 5nm SiO, sample after Ti deposition

Upon deposition, the titanium overlayer is predominantly metallic as evidenced by the

Ti 3p spectrum shown in figure 5.2. However, the peak profiles of metallic titanium and
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titanium silicide are indistinguishable in the Ti 3p spectrum. Further information on the
chemical state of the Ti following deposition can be obtained from observing the notable
change in the Si 2p peak (fig 5.1), where a new feature is observed at approximately 97.8 eV.
This is indicative of the formation of Ti-silicide. The reason that this feature is attributed to Ti-
silicide rather than Ti-silicate or the release of free silicon is that, in agreement with
electronegativity differences, it appears at lower binding energy than would be expected for
either of these species. In order to accurately fit the Ti-silicide related peak, two components
are required indicating the presence of both TiSi and TiSi2[16][17]. The binding energy
positions of the Ti-silicide phases are in agreement with other works, however it is difficult to
identify the correct phase with certainty when working with films with a thickness of just 1
nm. For such thin films, we expect a 3 Ti + SiO; -> TiSi + 2 TiO reaction upon deposition, and
indeed we primarily see TiSi. However, the Ti remains predominantly metallic in profile and
as such it seems that oxygen is being released rather than binding to Ti. Further consumption
of silicon from the SiO; at higher temperatures appears to drive a 3 Ti + 2 SiO, -> TiSi> + 2 TiO>
reaction as discussed below. In all cases, fitting peak parameters were kept constant

throughout the series of experimental steps.

Upon low temperature thermal annealing at 150°C a significant increase in both of the
silicide components is observed, indicating further growth of Ti-silicide. The corresponding Ti
3p peak shows a small amount of oxidation of the deposited Ti following the anneal. A further
anneal to 300°C causes the growth of more Ti-silicide, which is more pronounced for the TiSi;

at higher binding energy.

Notably, the Ti metal appears to become more oxidized following the higher
temperature anneal. However, the formation of Ti-silicate can be ruled out, as this peak would
be expected at approximately 102.2 eV in the Si 2p spectrum. At 500°C, there is evidence for
significant interactions at the Ti-SiO; interface. A peak emerges at 99.1 eV which indicates
that Si° is being released during these interactions. Furthermore, there is growth of TiSi, with
a simultaneous reduction in the TiSi component. The Ti 3p spectrum following 500°C anneal
indicates further oxidation of the titanium. The oxidation of Ti and presence of Ti-silicide in

the Si 2p spectrum indicates that both silicide and oxide are present throughout the sequence

117



of anneals. The reduction in the SiO, peak during the experiment can be attributed to oxygen

being transferred from Si to Ti.
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Figure 5.2: Ti 3p spectra upon Ti deposition 5nm SiO; and various anneals

In order to confirm that the Si 2p peak component at 99.1 eV was indeed Si°, the Ti
deposition and sequence of anneals was repeated on a native silicon oxide sample. Exposure
of pristine silicon to ambient atmosphere results in the growth of 0.5-1 nm of oxide on the
surface, which is typically a mixed phase with the 1+ to 4+ oxidation states all present.
However, the predominant oxidation state is typically 4+ corresponding to stoichiometric
SiOz. This thin oxide layer allows for a bulk silicon substrate signal to be detected using a

photon energy of 150 eV which has a high surface sensitive.
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Figure 5.3: Si 2p spectra of native SiO, upon Ti deposition and anneals
Figure 5.3 shows the silicon 2p spectra for this measurement sequence. The peak at
99.1 eV binding energy is attributed to Si® in the as-received spectrum. The sub-oxides are
also more pronounced in the fit than was the case for the thermally grown SiO; substrate.
Upon further high temperature anneal (500°C), some of the metallic Ti was degassed from
the substrate. Hence the buried substrate was oxidized by the oxygen released. The fitting

parameters for the native oxide sample tabulated below:

Peak position (eV) | Gaussian width (eV)
104.0 1.30

101.0 1.00

100.0 1.00

99.3 0.54

98.5 0.62

98.0 0.50

Table 5.2: Fitting parameter used for curve fitting Si 2p of native oxide sample
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Upon titanium deposition, we see metallic titanium in the Ti 3p spectrum (fig 5.4)
which again cannot be distinguished from Ti-silicide. The deposition results in the formation
of Ti-silicide as evidenced in the Si 2p spectrum after deposition in fig 5.3. Again, two silicide
components are observed, distinct from that of bulk silicon which gives further confirmation
of the attribution of peaks to Ti-silicide in figure 5.1. Low temperature annealing at 150°C
causes the growth of both silicide components and very slight oxidation of the titanium. The
ratio of the areas of the Si° to SiO, peak before and after titanium deposition indicate
consumption of the native oxide upon deposition. The consumed material provides silicon for

Ti-silicide formation and oxygen which partially oxidises some of the titanium.
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Figure 5.4: Ti 3p spectra upon Ti deposition on native SiO,, anneals and atmospheric exposure
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Upon 300°C anneal we see complete conversion of the TiSi to TiSi; and further
consumption of the SiO;. The Ti 3p spectrum shows a move to a higher oxidation state,
however there is evidence for significant thinning of titanium, shown by a reduction in peak
area. A further 500°C anneal sees the complete conversion of Ti-silicide to Si®, and further loss
of titanium metal within the Ti 3p. Atmospheric exposure of the film shows the complete
conversion of any remaining titanium to TiO2, while the Si 2p spectrum following exposure

resembles that of the thermally grown SiO; in figure 5.1.

In order to be considered for future integration in advanced high-volume processes,
any potential barrier material needs to display compatibility with low-k dielectrics and
associated back-end processing temperatures. In order to qualify the potential of titanium-
based barriers, the same experiment was performed on a low-k carbon-containing spin-on-
glass. The Si 2p spectrum for the as-received substrate (figure 5.5) shows a profile similar to
that of 5.4 nm SiO; sample. However, fitting of the 4+ component requires a Gaussian peak
width of 1.6 eV for the SoG as compared with 1.4 eV for the SiO;,. Furthermore, we see a larger
component from suboxides in the SoG. Upon deposition and 150°C anneal, we again see the
formation of Ti-silicide with the larger component attributed to TiSi, however TiSi, appears to
grow more rapidly at low temperature on SoG. We also see significant broadening of the Si

2p oxide peak due to the emergence of a feature at 102 eV, and also the presence of Si°.

Peak position (eV) | Gaussian width (eV)
103.1 1.60
101.5 1.00
100.0 1.00
98.0 0.55
98.5 0.90

Table 5.3: Fitting parameters used in Si 2p spectra of SoG sample curve fitting

Following a 300°C anneal the conversion of TiSi to TiSi, as seen on previous substrates
is evident once again. We also see growth of the Si® peak and that at 102 eV which we

attribute to the formation of TiSiO4. This peak component is present even on Ti deposition
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indicating that high temperature isn’t required to form Ti-silicate on low-k substrates. A final
500°C anneal causes a dramatic change in the Si 2p peak profile with the complete
decomposition of both silicide phases and the concurrent conversion of the remaining silicon

to a mix of titanium oxide and silicate.
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Figure 5.5: Si 2p spectra of SoG upon Ti deposition and anneals

Figure 5.6 shows the Ti 3p spectra for the titanium deposited on SoG. Notably the area
of the titanium peak is constant during the experiment and also appears to oxidise far less
than for titanium deposited on native oxide and thermally grown SiO,. The major difference
between the SoG substrate and those considered previously is the incorporation of 16%

carbon in the dielectric. In order to investigate the degree to which the carbon affects the
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behavior of the material system, the C 1s spectrum for each experimental step was

investigated, and the spectra are shown in figure 5.7.
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Figure 5.6: Figure 4: Ti 3p spectra upon Ti deposition on SoG substrate and anneals

The binding energy positions of carbon in low-k dielectrics and adventitious carbon
are very similar and as such a detailed analysis of the chemical state of the carbon in the as-
received SoG proves difficult. The spectrum of the as-loaded sample is typical of that for low-
k materials[18]. Upon titanium deposition the spectrum changes significantly, with a binding
energy shift to 281.7 eV which is consistent with carbon in a metal-carbide environment. In
this case the data can be interpreted as the almost complete incorporation of the carbon

within the sampling depth into Ti-carbide. Anneals at 150°C and 300°C result in a slight
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increase in the Ti-carbide signal anneals. As seen from figure 77, within the Ti 3p peak profile
it is not possible to distinguish between titanium metal, silicide, and carbide in agreement
with electronegativity differences between the elements. However, the consistency of the Ti

3p peak profile on anneal when compared with substrates without carbon is strong evidence

of Ti-carbide.
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Figure 5.7: C 1s spectra of SoG substrate upon Ti deposition and anneals

At 500°C we see the slight decomposition of the Ti-carbide as evidenced by the
reduction at 281.7 eV. The carbon released in this process goes on to form C-C bonds and we
see a corresponding increase in signal at 284.5 eV. Upon its release from the Ti-carbide

compound, the titanium forms Ti-silicate consistent with figure 5.5.
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5.3 HAXPES and XANES studies of 20% CoTi Alloy:

Cobalt tends to form islands upon deposition on a SiO; substrate. Hence a depositing
a seed layer of Co through an ALD process is less efficient compared to depositing a different
metal as seed layer and adhesion liner. In this work, an alloy of CoTi with 20% Ti metal is
analysed for uniformity and the interface chemistry with the SiO, substrate for future

integration into BEOL interconnects.

CoTi alloy targets (4-inch targets) are manufactured by Testbourne Ltd, UK. The alloys
were then deposited on 20 nm thermal SiO; through sputtering technique. As the alloy is to
be integrated into the large-scale production process in the manufacturing industries. A 10
nm thin layer of the alloy was deposited and characterized using a range of spectroscopic

techniques (XPS, HAXPES and XAS).

HAXPES and XAS spectrum were obtained at SOLEIL synchrotron facility, Paris. The
pressure maintained during the data acquisition is ultra-high vacuum (5*10° mbar) and
photon energy used for HAXPES measurements was 6900 eV. The pass energy and energy
resolution were 100 eV and 100 meV, respectively, while the spatial resolution was 110 pum.
All XPS and HAXPES curve fitting analysis presented in this study was performed using

AAnalyzer curve fitting software program version 1.20.

5.3.1 XPS and HAXPES Analysis:

Initial XPS measurements are carried out and chemical composition calculations were
undertaken for the 10nm CoTi sample deposited on 20nm thermal SiO substrate. Fig 5.8
show survey spectrum of CoTi before and after annealing. The major peaks observed are Co
2p (780 eV), O 1s (530 eV), Ti 2p (458 eV), and C 1s (284 eV)[19]. The peaks corresponding to

Co 3s and Co 3p are also observed at 103 eV and 62 eV respectively.
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Figure 5.8: XPS spectra of CoTi alloy film on 20 nm thermal SiO; as loaded and 400°C anneal showing
decrease in peak intensity of O 1s while increase in Ti 2p as a result of metal segregation

The Co:Ti compositional ratio was found to be 83:17 in the as loaded sample which is
close to the expected 80:20 concentration upon deposition through sputtering from the CoTi
target. The ratio changes to 2:1 upon annealing to 300°C. The change in concentration of the
Ti metal is attributed to the segregation of the Ti on annealing at the surface as is the principle
of self-forming barrier alloys. The ratio of the Co:Ti doesn’t change on further high

temperature anneals as is displayed in the data in Table 5.1.

The total chemical composition calculations shown in table 5.2 show no Si 2p signal
indicating that the films are thicker than the sampling depth of the traditional XPS
measurements. High concentration of the carbon is seen as the deposition is carried out at

high vacuum and exposed to the atmosphere before loading inside the analysis chamber.
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Co Ti
CoTi as received |83 17
CoTi 300°C 67 33
CoTi 400°C 67 33

Table 5.4: Ratio of Co and Ti in CoTi sample before and after annealing

There is a strong O 1s signal seen in the as received sample which is attributed to the
oxidation of the metal surface. The decrease in the O1ls intensity after the anneal can be
attributed to the reduction of cobalt oxide to metallic cobalt as well as the removal of C-O
bonds while Ti tends to form more oxide by the released oxygen. Even after 400°C anneal,
Cls signal is observed indicating the presence of carbon throughout the film possibly

incorporated during the deposition process itself.

Cls O1s Co 2p Ti2p

CoTi as received 39 42 15 3
300°C Anneal 26 28 31 15
400°C Anneal 20 20 40 20

Table 5.5: XPS Chemical composition of CoTi sample before and after various anneals

HAXPES measurements were carried out on similar samples and multiple spots were
analysed to study the uniformity of the chemical composition within the HAXPES sampling
depth which is greater than the 10 nm thickness of the deposited film. There was little to no
difference was observed between the survey spectra of multiple spots before and after the
anneal, showing that the deposition of the alloy sample is uniform across the wafer. The
survey spectra shown in fig 5.9 display a strong Co 2p and Co 2s signal indicating the presence
of the metal in the sample. The other peaks observed correspond Co 3p, Ti 2p, Si 1s and C 1s.
The Ti 2p peak is observed upon annealed samples, showing the segregation of Ti from the
alloy. The strong Si 1s peak around 1840 eV[20] shows that the sampling depth of HAXPES is

more than 30 nm. Since the sensitivity of Co 2p peak is high, the multiple components in Si 1s
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peak is not observed in survey spectra and peaks corresponding to both oxide and bulk Si is
observed from the narrow region scan shown in fig 5.12. The increase in the peak intensity
between the as received sample and 300C annealed sample show that upon annealing most

of the surface contamination is removed.

hv=26.9 keV CoTion
20nm thermal SiO
Co 2s 2
Co 2p
CoTi 500°C
. Si1s
=
E,; Co 3p
= Tizp Si2s
u:) + O
& CoTi 300°C
L=
N CoTi As Received
1 . | ! 1 L | L 1
2000 1500 1000 500 0

Binding Energy (eV)

Figure 5.9: HAXPES survey spectra of CoTi on 20nm SiO; as received and annealed

Co 2p spectrum shown in fig 5.10 indicate the presence of strong metallic cobalt signal
at Co (0) oxidation state at 778 eV [21]. There is a shoulder peak corresponding to the +2-
oxidation state observed at 780.6 eV [22] and can be attributed to the formation of cobalt
carbonate. Although the XPS spectra shows a strong +2 oxidation state peak, in the HAXPES
spectra the metallic peak dominates, showing that the carbonate or oxide is present at the

surface of the sample while bulk of the film is predominantly metallic.
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Figure 5.10: HAXPES Co 2p spectra of CoTi on 20nm SiO; as received and annealed

Upon 300°C annealing, +2 oxidation peak reduces to form metallic cobalt and on
500°C anneal, little evidence of cobalt +2 oxidation state is seen indicating that the cobalt
present in the film is completely metallic after the high temperature annealing as is required

for the interconnect metal.

Ti 1s spectra in Figure 5.11 show two different peak components, a broad peak at 4973
eV and a narrow peak component at 4969.5 eV. The peak at 4969.5 eV can be attributed to
the presence of metallic component while the peak at 4969 eV is seen from the oxidised
Ti[23]. The peak position is 3.5 eV from the metallic component and can be attributed to Ti**
oxidation state found in TIO,. Absence of peaks between 4965 eV and 4970 eV indicate that

there are no sub-oxides present in the as received sample.
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Figure 5.11: HAXPES Ti 1s spectra of CoTi on 20nm SiO; (a)as received with Single sate TiO, and
metallic Ti (b) 300°C anneal show decrease in metallic Ti signal and (c) 500°C annealed showing
formation of Ti silicate at high temperature

The 300°C annealed sample show less metal peak area compared to the as received
sample indicating the metal being oxidised after the anneal. As in as-received sample spectra,
there are no sub-oxide states present after the 300°C anneal. On further high-temperature
anneal, the metallic component decreases further, but there is evidence of multiple
component peaks present indicating that other oxidation states of Ti are present. Among
them, a component peak with a shift of 0.6 eV towards high binding energy in the Ti**(4973.6
eV) peak component can be attributed to the formation of titanium silicate at the interface

between the alloy and the SiO; substrate. The curve fitting parameters are tabulated below

in table 5.6.
Peak position (eV) | Gaussian width (eV)
4973.6 1.1
4973.0 13
4969.5 0.9

Table 5.6: Curve fitting parameters of Ti 1s for TiO, and Ti silicate peak component
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Si 1s spectra shown in fig 5.12, show both bulk Si component at 1839 eV as well as

SiO; peak component at 1843.8 eV[20]. This shows that sampling depth is more than 30 nm

and the interface between the alloy and the SiO; substrate can be studied in detail. Upon

annealing, a peak at 1842.2 eV is observed which on further annealing grows[24]. The absence

of oxide component in Co 2p spectra shown in fig 5.10 indicate the possibility of formation of

titanium silicate on annealing.
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Figure 5.12: HAXPES Si 1s spectra of CoTi on 20 nm SiO; (a)as received showing SiO; and bulk Si along
with sub-oxide(b) 300°C anneal show formation of Ti silicate and (c) 500°C annealed showing
evolution of Ti silicate on high temperature anneals

Peak position (eV) | Gaussian width (eV)
1843.8 14
1842.2 1.2
1839.0 0.7

Table 5.7: Curve fitting parameters of Si 1s spectra of CoTi sample

The O 1s spectra in fig 5.13 show multiple peaks for the as received sample. The peak

at 532.7 eV corresponds to the substrate SiO, while the peak at 529.6 eV corresponds to

titanium dioxide[25]. The peaks at 530.3 eV and 531.4 eV can be attributed to the C-O bonds
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and Co carbonate[22] respectively. Upon annealing, the strong peak corresponding to cobalt
carbonate bond is attenduted and hence the peak at 531.4 eV is not observed while a peak
at 530.6 eV grows. The peaks observed between TiO; and substrate peak at 532.7 eV can be
attributed to the growth of titanium silicate[26]. A corresponding decrease in the substrate is

also observed as the SiO; at the alloy interface is consumed to form titanium silicate.
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Figure 5.13: HAXPES O 1s spectra of CoTi on 20 nm SiO; (a)as received showing large surface
contamination(b) 300°C anneal show formation of Ti silicate and (c) 500°C annealed showing
evolution of Ti silicate on high temperature anneals

Peak position (eV) | Gaussian width (eV)
532.7 1.1
532.0 1.0
530.6 1.0
529.6 0.7

Table 5.8: O 1s fitting parameters of CoTi alloy sample before and after anneal

The C 1s spectra acquired at a photon energy of 6.9 keV for this experiment are shown

in fig 5.14. Multiple peak components are observed between 285 eV and 290 eV with a strong
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peak at 285 eV corresponding to C-C[19]. The peak at 289.3 eV corresponding to carbonate
(COs%) can be observed in the as received sample which is reduced on anneal. Similarly, the
intensity of the C=0 related peak at 288 eV is also reduced on anneal. Although, there is free
Ti and Co metal is observed from the Co 2p and Ti 1s spectra, there is no peak observed at
282 eV indicating the absence of metal carbide[27]. Even after high temperature anneal, there
is still a carbon peak present indicating the presence of carbon - based contamination in the

alloy film or at the interface of the substrate and alloy.
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Figure 5.14: HAXPES C 1s spectra of CoTi on 20 nm SiO; (a)as received sample showing evidence of
metal carbonate (b) 300°C anneal and (c)500°C show no metal carbonate signal while a large carbon
content is present

Peak position (eV) | Gaussian width (eV)
284.5 14
286.7 1.1
288.0 1.1
289.3 0.7

Table 5.9: Curve fit parameters for C 1s spectra of CoTi sample
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5.3.1 XANES Analysis:

Fig 5.15 shows the Co-K edge XANES spectra of the CoTi alloy sample as received and
following the thermal anneals. Initial measurements of the as received spectra show a strong
absorption edge around 7710 eV marked as A. The absorption can be attributed to binding
energy of Co 1s core level for Co (0) oxidation state and therefore can be attributed to the
metallic Co present in the sample. There is strong rising edge observed between 7717 eV and
7725 eV (region B). In order to observe the fine splitting in the region B, a 15t derivative of the
XANES spectra is carried out which is shown in fig 5.15(b). The peaks observed don’t coincide
with the values reported for mixed state Co oxide (Co304) or Co +2 oxide (Co0O)[28]. Also,
from the HAXPES results shown above there is a strong presence of cobalt carbonate in the
as received sample. Hence the multiple peaks observed between 7717 eV and 7725 eV can
be attributed to the cobalt carbonate in +2 oxidation state (CoCOs). This confirms the
presence of metal as well as strong surface cobalt carbonate as observed in the XPS and

HAXPES spectra.

Upon annealing, the peaks between 7717 to 7725 decreases, while the absorption
edge at 7710 eV and corresponding 1° derivative peak increases with each anneal. This fact
further confirms the HAXPES Co 2p spectra shown in fig 5.10 which indicate the presence of
Co metal and absence of carbonate further confirms that the oxygen observed in the metal

oxide state corresponds to titanium oxides.
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Figure 5.15: XAS spectra of CoTi (a) normalised Co K-edge before and after annealing (b) first
derivative of Co K-edge before and after annealing
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Figure 5.16: XAS spectra of CoTi (a) normalised Ti K-edge before and after annealing (b) first
derivative of Ti K-edge before and after annealing
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The Titanium K-edge XANES spectra are shown in fig 5.16. Two distinct peaks can be
observed: one at 4970 eV corresponding to the pre-edge and other at 4985 eV. The
characteristic pre-edge peaks corresponding to the TiO, [29] are not clearly seen in the as
received XAS shown in fig 5.16(a) although XPS and HAXPES spectra show strong TiO; peaks.
Hence a first derivative of the Ti K-edge is shown in fig 5.16(b). The region A can be seen with
3 peaks in the as received as well as annealed sample spectra can be attributed to TiO,. The
region B corresponds to absorption edge of TiO; around 4985 eV. The as received and 300°C
annealed spectra looks similar while an extra peak is observed in the region C after the 500°C
anneal. The growth of the second peak C, can be attributed to the formation of the titanium

silicate as can be seen from the HAXPES Ti 1s spectra and corresponding Si 1s spectra.

5.4 Conclusion

In this work, a synchrotron radiation photoemission study of the interaction of
metallic titanium with low-k spin-on-glass was presented in detail. When deposited on
thermally grown SiO3, two phases of titanium silicide form upon deposition with TiSi formed
upon deposition, which converts to TiSi; with thermal anneal. The presence of carbon in the
low-k material results in the formation of Ti-carbide upon deposition and the complete

conversion of Ti-silicide to Ti-silicate upon annealing at 500°C.

Additionally, a CoTi self-forming forming barrier alloy was analysed as an alternative
interconnect adhesion liner application using various photoelectron spectroscopy techniques.
The XPS and HAXPES results indicate the presence of Co metal with surface Co carbonate
while Ti metal and TiO, was also observed. Upon annealing, pure Co metal was observed while
the oxygen released oxidises the Ti metal. An interfacial layer of titanium silicate grows on
high temperature anneal. XAS results also agree with the removal of Co carbonate resulting
in the formation of more Co metal upon annealing while Ti is oxidised. Following the
synchrotron studies of Ti on SIO2 and SoG low-k and CoTi self-forming alloy on SiO, it can be

concluded that CoTi is a good candidate for alternate interconnect/barrier in the future
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generation of back-end-of-the-line interconnects while SoG is a good candidate for low-k

dielectric that can be integrated with CoTi self-forming barrier/interconnect stack.
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6. Conclusions and Future work

6.1 Conclusions

In this study, the possibility of using self-forming alloys and nitrogen - based barrier
stack as a possible replacement for the existing Ta/TaN[1] barrier stack in the future
interconnect nodes were studies. The possibility of using low-k SiO; based dielectrics[2] and
Co as a replacement for Cu as an interconnect metal[3] were also analysed. XPS and HAXPES
photoelectron studies were the main techniques used to characterize the thin films. Other
techniques such as SIMS and XANES were also used to characterize the films to confirm that
the results obtained from the photoelectron studies. Electrical characterization through four-
point probe and CV analysis of MOS structures were carried out to test the possibility of using

self-forming Cu-based alloys in the device integration.

6.1.1 Nitrogen based Mn barrier layer for Cu interconnects

In chapter lll, the nitrogen incorporated Mn films were analysed for the possibility of
replacing Ta/TaN barrier stack, by forming manganese silicate at the interface and the
nitrogen in the film improving the adhesion of the copper films. From previous works, it was
found that formation of manganese silicate at the interface of SiO, and manganese film was
effective in stopping copper diffusion[4]. The films were analysed using XPS and found to be
forming manganese oxide films with the evidence of nitrogen incorporated throughout the
film. Nitrogen incorporated films were found to form manganese silicate upon deposition

conditions and were observed the formation of manganese silicate grows on annealing.

To compare the effects of adhesion, a similarly deposited metallic manganese films
were analysed with XPS. AFM technique was used to analyze the surface morphology of the

films. While the nitrogen incorporated films show uniform surface, the metallic films were
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found to have individual islands and the corresponding roughness is high compared to that of
the nitrogen incorporated films. This shows that even though stoichiometric MnN was not
obtained by CVD process, the presence of even a low concentration of nitrogen in the Mn
films influences the homogenous nature of the sample surface. Copper was deposited on both
manganese metal film and the nitrogen incorporated films using thermal evaporation
technique at high vacuum. Adhesion tape test were carried out on both films and analysed
using optical microscope before and after the tape test and results indicate that presence of
nitrogen improves the adhesion of copper while the copper deposited on the bare substrate

and the Mn metal films without nitrogen were delaminated.

6.1.2 Self-forming Mn/Ti based copper alloy systems

In chapter IV, the material and electrical characterization of copper alloys systems of
CuMn and CuTi with concentration of 20% by weight was presented. Although the previous
studies on CuMn alloy samples show the formation of diffusion barrier at low concentration
of Mn and Ti[5], the low concentration alloys (5%) of CuMn and CuTi were found to
delaminate at the annealing conditions employed in the fabrication processes. So, a higher
concentration alloys had been deposited under industrial conditions and were characterized
using photoelectron studies (XPS and HAXPES), SIMS, four-point probe measurements and CV

electrical studies.

Both CuMn and CuTi alloys found to be oxidised in the as received samples. No
substrate was observed in the traditional XPS measurements and chemical composition
calculations show nominal metal concentrations. On annealing, the alloying metal segregates

at the interface.

To study the interface, HAXPES measurements were carried out. The as received
samples showed sputter damage at the interface and carbon contamination along with the
bulk Si signal indicating that the HAXPES results were obtained from a depth at least 30nm.
The as received samples show free metallic Mn/Ti in the respective samples. There was no

evidence of metal carbide even though there is strong carbon signal[6] which shows that the
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free metal is present in the bulk of the alloy film while the carbon contamination was at the

surface.

The annealed samples show clear interface layer of silicate formation in both alloy
systems. No copper oxide signal was observed and there was no free alloying metal (Mn/Ti)
after the anneal. Although there was a decrease in carbon signal, there was some carbon
signal observed even after the high temperature anneal. The Si 1s signal show clear interface
layer of metal silicate after the anneal, which can be further confirmed by O 1s spectra of the

after anneal sample.

The results were further confirmed by the SIMS plots of before and after annealing
samples. There was pure Cu observed with no alloying metal and substrate — alloy interface
layer of metal silicate after the anneal. While the as received sample show homogenous
distribution of metal throughout the alloy, the metal segregation is clearly observed in the

after annealing sample.

Electrical characterization was carried out on as received and annealed samples. The
four-point probe resistivity measurements of the alloy and Cu samples were measured for
the as received samples and various annealing steps. The resistivity decreased upon each step
of annealing and the on high temperature anneals, the resistivity approaches to that of the
copper film. This can be attributed to the segregation of metals and formation of pure Cu

from the alloy.

CV measurements of the samples before and after annealing show that there was
strong hysteresis in the both CuMn and CuTi samples due to presence of sputter damage and
interface charges. The annealing steps remove the sputter damage and most of the interface
charges were removed. Though the flat band voltage was observed at 0 and absence of
interface charges in the CuTi samples, the total capacitance was high compared to that of the
ideal capacitance for the 20 nm SiO> dielectric. While the capacitance of the CuMn was low
compared to CuTi sample, there was still a small amount of interface charges present and

correspondingly, the flat band voltage is shifted away from 0.
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6.1.3 Synchrotron radiation study of metallic Titanium deposited on low-k

dielectrics:

In chapter V, the possibility of integrating low-k dielectric with the possibility of using
Ti as a probable adhesion liner in the metallic Co future interconnect system. For successful
integration, the interface of ultra-thin Ti with low-k dielectric has to be studied. A synchrotron
radiation study of the interaction of metallic titanium with low-k spin-on-glass was carried out
to understand the chemical interactions of metallic Ti and low-k dielctric. When deposited on
thermally grown SiO;, two phases of titanium silicide form upon deposition with primarily TiSi
formed upon deposition, which converts to TiSi, with thermal anneal. The presence of carbon
in the low-k material results in the formation of Ti-carbide upon deposition and the complete

conversion of Ti-silicide to Ti-silicate upon annealing at 500°C.

6.1.4 HAXPES and XAS studies of CoTi self-forming alloy:

As Co is one of the metals in study for the future interconnect metal, a 10 nm self-
forming alloy of 20% CoTi deposited through sputtering technique was analyzed using
photoelectron spectroscopy techniques. The as received samples through initial XPS
measurements show 83:17 ratio of the alloy and found to be uniform in multiple spots of the
sample showing that the deposition process is uniform throughout the wafer. The as received
sample doesn’t show any Si 2p signal in the conventional XPS, indicating that the films are
thicker than the sampling depth of XPS. On anneal, the Co metal was reduced from CoO and
CoCO3 and more metallic signal was observed. While the Co:Ti ratio was 83:17 in the as
received sample, it increased to 30:70 in the annealed sample indicating that there is strong
segregation of Ti metal at the surface which is in accordance with the self-forming barrier

principle.

HAXPES results further confirm the presence of Co metal and surface oxide/carbonate
and on high temperature anneals, only pure CO metal was observed. The as received sample

showed a strong carbon contamination which reduces on anneal. The presence of bulk Si
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signal in the HAXPES Si 1s spectra show that the sampling depth is more than 30 nm. Ti 1s

spectra showed strong Tl oxide signal in the as received signal along with a metallic peak.

After annealing, while the sputter damage observed in Si 1s spectra is removed, there
was a growth in peak corresponding to metallic silicate. As there were no cobalt-based oxides
were observed in Co 2p spectrum, the silicate can be attribute to Ti silicate. While the Ti 1s
spectra showed no metallic signal after the high temperature annealing, multiple peaks were

observed near Ti +4 oxidation state and can be attributed to formation of Ti silicate.

XAS measurements of the as received and annealed CoTi samples agree with the
results obtained from HAXPES and XPS. It confirms the presence of Co oxide/carbonate in the
as received sample which is removed on anneal and more metallic Co is observed. Similarly,
Ti oxide was observed in the as received sample and on annealing, a second peak grows which

can be attributed to the presence of Ti silicate.

6.2 Future Work:

Although, it was found that formation of stoichiometric formation of MnN was difficult
from our studies, presence of even small concentration of nitrogen helped in the
homogeneity of the Mn thin film and helped in improving the adhesion. Additionally, previous
generation of barrier layer for the interconnects included the nitrogen-based metal[7] as a
part of the barrier stack. One of the possible future studies is to deposit and characterize
ultra-thin nitrogen-based Mn films and subsequent device fabrication and compare the RC

time delay of the current generation of barrier layer systems.

In depth analysis of CuMn and CuTi has been done and although the results were
favorable for integration into the interconnect stack, actual device fabrication studies had to
be done to study the efficiency of the alloy films as self-forming barriers. As presence of
nitrogen improves the capability of the Ti and Mn based films as a diffusion barrier material,
incorporating nitrogen into the alloy films and subsequent studies of the resulting thin films

is a strong possibility for future studies.
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Material characterization of CoTi films has been carried out as a possible seed layer

and adhesion liner for future interconnects. Detailed electrical characterization has to be

carried out in order to observe the efficiency of the CoTi films as a replacement for the copper-

based interconnect system. By comparing the RC time delay due to the Co based devices and

Cu based devices fabricated in similar conditions, the possibility of using Co based

interconnect system in the future generation of ICs can be determined.
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