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Chemical investigations of ruthenium based barrier layer
systems for future interconnect technologies

Anthony Peter McCoy

Abstract

This thesis utilises X-ray photoelectron spectroscopy (XPS) to investigate
the chemical interactions of Ru and Mn based Cu diffusion barrier layer
structures with dielectric substrates with a view to incorporating these
materials into future generations of interconnect technology. The current
barrier layer arrangement of Ta/TaN will imminently fail to meet the
demanding requirements associated with aggressive device miniaturization.
The first part of the thesis investigates the incorporation of manganese into a
3 nm Ru thin-film as a potential mechanism to improve its performance as a
copper diffusion barrier/liner combination layer. Mn and Al (~1 nm) were
deposited in separate studies on an atomic layer deposited (ALD) Ru film
and the Metal/Ru/SiO; structures were subsequently thermally annealed.
XPS studies revealed the chemical interaction of both Mn and Al with the
SiO, substrate to form MnSiO; and Al,O3; respectively, implying the
migration of both metals through the Ru film. Electron energy loss
spectroscopy (EELS) line profile measurements of the intensity of the Mn
signal across the Ru film confirm the presence of Mn at the Ru/SiO,
interface. In addition, secondary ion mass spectroscopy (SIMS) studies
suggest the release and upward diffusion of Si from the SiO, dielectric
substrate formed as a result of Mn-silicate formation at the Ru/SiO,
interface. The second part of the thesis provides direct experimental
evidence of the catalytic activity of bimetallic Ru/Mn surfaces towards
oxygen and determines how this activity impacts upon the thermodynamic
stability of Ru/Mn based Cu diffusion barrier layers. XPS analysis showed
the thermal dissociation of Mn-based barrier layers and the desorption of O
in the presence of Ru at lower temperatures than in systems without Ru
present. Finally, XPS analysis of Ru/Mn on industrially relevant dielectric
materials with varying carbon content and porosity is presented, along with
the reduction of surface C concentration through exposure to atomic O.
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Chapter 1

Introduction

1.1 Moore’s Law

In 1965 one of the co-founders of Intel, Gordon Moore, published a paper
noting that the number of components in integrated circuits (IC’s) had
doubled every year from 1958 through 1965, and he predicted the trend
would continue for ‘at least 10 years’.™ The semiconductor industry
adopted Moore’s prediction and used it as a guide for long term planning
and target setting. Consequently, the number of transistors on a single chip
has doubled every two years in a relentless fashion through to the present
day, and as such, Moore’s prediction became somewhat of a self-fulfilling
prophecy. The exponential reduction in component size greatly improves
the capabilities of digital electronic devices such as processing speed and
memory capacity, and has impacted society on almost every level. Figure
1.1 shows the increase in the number of transistors on a single chip from
1971 through 2011. Current transistor counts for high specification
microprocessors range between ~2 billion (e.g. Intel Core i7) and ~5 billion
(e.g. 62 core Xeon Phi). It is believed that the chip sector is rapidly
approaching an end to Moore’s law due to the physical limits imposed by

the size of the silicon atom, and hence the size of the transistor itself.
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Figure 1.1 Graph of transistor count on a single chip from 1971 to 2011.3

1.2 Interconnect overview

The construction of an integrated circuit can be divided into two main

processing steps; (1) front-end-of-line (FEOL) and (2) back-end-of-line

(BEOL). FEOL processing refers to the formation of the transistors directly

in the ultrapure silicon wafer. Once the transistors have been fabricated,

they must then be interconnected to form the desired electrical circuits. This

occurs in a series of processing steps collectively referred to as BEOL. The

structure of a typical chip is illustrated graphically in Figure 1.2 with the



areas manufactured by FEOL and BEOL processes labeled. BEOL
processing involves creating metal interconnecting wires that are isolated by
dielectric layers. Historically, Al has been used as the interconnecting metal
because of its low resistivity (2.7 u€d/cm) and well established and reliable
production process. Silicon dioxide (SiO;) was used as the interlayer
dielectric (ILD) material as it was very well characterised and easy to
deposit and etch. However, diffusion of Al into the surrounding ILD has
been a problem since the fabrication of the first IC in 1959.* Silicon is
soluble in AI’ which resulted in inter-diffusion, high leakage current and
device shorting. The solution to this interdiffusion problem came in the
form of a physical barrier layer inserted between the ILD and the metal Al
lines. For much of the 80’s and 90’s a combination of Ti and Ti-nitride were

successfully adopted as the barrier layer structure.
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Figure 1.2 Schematic diagram of a microprocessor with a hierarchical wiring approach for

multilevel interconnects.®

1.3 RC time constant

The miniaturisation of device features greatly enhances chip performance,
mainly as a result of shortening proximity between adjacent transistors

leading to a decrease in gate switching delay. However, as the gate delay



decreases, other elements of the device begin to have a proportionately
larger impact on performance. For example, the electrical resistance of the
interconnects increases as the cross sectional area of the wires are reduced
to facilitate increased numbers of devices (Equation 1.1),

oL
R=7 (L.1)

where R is the reistance of a line of length L and cross-sectional area A for a
material with resistivity p. Additionally, the capacitance between adjacent
lines as a result of increased wire density also impacts negatively on device
speed (Equation 1.2), as the thickness of the dielectric layers must also
decrease,

Epfplw

D (1.2)

The increase in both wire resistance and capacitance contributes to a
deterioration in interconnect delay also known as the RC time constant,
defined as the product of the resistance and the capacitance.”® Figure 1.3
illustrates the increasing impact of RC delay on IC performance with

decreasing feature size.
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Figure 1.3 RC delay as a function of the gate length. The gate delay can be reduced by
decreasing the feature size. The interconnect delay (RC delay) starts to dominate the overall

delay at shorter feature size.®

As seen from Equations 1.1 and 1.2, the RC time constant can be improved
by reducing the resistivity of the interconnecting metal and/or using a
dielectric material with a lower dielectric constant. Both of these methods
have been adopted in recent years by the IC processing industry. Cu has
replaced Al as the interconnect metal of choice due to its lower resistivity
(Cu: 1.7 pQ /em, Al: 2.7 uQ /cm),? and lower dielectric constant materials

have replaced SiO; in attempts to improve device performance.



1.4 Cu diffusion barrier

Although copper improves the conductivity and the RC time constant of the
interconnect, implementation problems exist. Cu readily diffuses into
interlayer dielectrics (ILD) due to the formation of Cu oxides, and is also
known to have poor adhesion to dielectric surfaces.’®'* The diffusivity of
Cu in Si ranges from 5x10™* to 5x10™ cm?s™ with activation energy of ~1
eV for temperature ranges of 900 °C to 1300 °C. These high diffusion rates
of elemental Cu have necessitated the further development of physical
barrier layers between the dielectric and the interconnect in order to prevent
interdiffusion across the interface. It has been reported that Cu diffusion in
Si degrades device performance by introducing deep electronic levels into

the Si band gap resulting in the reduction in the minority carrier lifetime.*?

The optimal barrier needs to meet a range of criteria; (1) limit Cu
diffusivity, (2) be conformal, (3) exhibit resistance to mechanical stress, (4)
display good Cu wetting/adhesion properties and most importantly (5) have
low resistivity. The barrier layers currently used to fulfil this function are
composed of a Cu/Ta/TaN/SiO, layered structure as shown in Figure 1.4.
The Ti/TiN barrier layers used for Al were no longer effective as a barrier
against Cu diffusion due to the formation of bulk alloy between the Cu and
Ti. However, as device geometry continues its downward trend, there is a

need to develop a scalable alternative to the current barrier layer



arrangement to Ta/TaN as they tend to have poor electrical conductivity and
exhibit poor adhesion to the Cu necessitating inclusion of a copper seed
layer. As device miniaturisation continues, the thickness of the barrier layer
region becomes important - too thick a barrier and the overall barrier
metal/Cu film will have a greater total resistance than Al interconnects,
negating any benefit. As such, the barrier layer should be as thin as possible.
Additionally, the deposition of barrier layers will need to evolve from the
current Physical Vapour Deposition (PVD) process to a more conformal
alternative such as Atomic Layer Deposition (ALD). Non-uniform coverage
of sidewalls and trenches will eventually limit further thickness reduction in

conventional PVD layer deposition.

Figure 1.4 Current barrier layer technology using Ta/TaN barriers."* The Ta/TaN (~10 nm)
layers are incorporated to both stop Cu diffusion into the dielectric and promote Cu

wetting.



1.5 Ru-based barrier layers

The noble metal Ru has emerged as a promising candidate for incorporation
into future interlayer material systems for back end of line (BEOL)
processing, due to its compatibility with conformal deposition techniques
such as atomic layer deposition (ALD). Ru also displays more favourable
bulk resistivity characteristics (p ~7 p2 cm) than a-Ta (~15-30 pQ cm) and
it is a suitable seed layer for the subsequent electrochemical plating of
copper.*** It has been reported, however, that Ru displays poor diffusion
barrier properties to Cu at moderate temperatures due to its polycrystalline
columnar grain structure which facilitates Cu diffusion through the
grains.'®*’ Single-crystal films would provide suitable Cu diffusion barriers
while simultaneously displaying superior electrical properties as a result of
the reduced grain boundary density, but restrictions regarding materials and
manufacturing processes make such an option unlikely. A second potential
solution to the Cu diffusion problem in Ru films involves the use of
amorphous films, which would also be void of grain boundaries, however
the reduced conductivity of such films is undesirable. The concept of
‘stuffing’ the grain boundaries has also been presented as a possible
mechanism to improve the diffusion properties of ultra-thin metal
films.18%2% A recent study by Damayanti et. al*® showed that introducing
nitrogen in the Ru film effectively stuffed the grain boundaries and

improved the films resistance to Cu diffusion. Similarly, Henderson et al'®



have used phosphorus to improve thin film properties. As such, the focus of
the first two results chapters of this thesis is to investigate the possibility of
incorporating the metals manganese and aluminium into Ru thin films as a
mechanism of improving the diffusion barrier characteristics of Ru. The
third results chapter looks at the thermodynamic stability of Ru/Mn based
copper diffusion barrier layers. Finally, the fourth results chapter
investigates the formation of Mn-based barrier layers with Ru liners on
industrially relevant ultra low dielectric constant (ULK) substrates. It should
be noted that Cobalt (Co) has also attracted attention as a replacement liner

material.?
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Chapter 2

Analysis techniques and theory

2.1 X-Ray Photoelectron Spectroscopy

The dominant technique used in this study was x-ray photoelectron
spectroscopy (XPS). The technique offers the capability to determine and
analyse the chemical composition of a material to a depth of approximately
5—10 nm from the surface. XPS is a highly surface sensitive analytical tool.
The operation of XPS involves the irradiation of a target sample with mono-
energetic X-rays, resulting in the emission of electrons from the sample in
question as described by the photoelectric effect' and as shown in Figure
2.1. The kinetic energy of the emitted electrons are indicative of the
environment from which they originated, enabling the user to execute an in-

depth analysis of the chemical structure of the sample.
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X-Ray
Photoemission

Incident X-Ray Photon

0 1s Photoejected Electron

Figure 2.1 Schematic showing photoemission of an electron from the O 1s orbital.

Conventional XPS setup consists of an x-ray source, an electron collection
lens and an electron kinetic energy analyser as shown in Figure 2.2. A water
cooling system is integrated into the setup as x-ray generation can cause
significant heating. Results are processed and displayed on a generic PC
with the appropriate acquisition software installed. The sample under
analysis is irradiated by x-rays from the source, and electrons are emitted
from the surface of the sample which are collected and analysed by the

collection lens and the electron analyser, respectively.

15



Electron Analyser

X-Ray Source

electron lens

electron multiplier
detector

Sample
(grounded)

Computer Readout

Figure 2.2 A schematic diagram showing the experimental setup for conventional XPS.

The typical XPS setup includes the ability to generate x-rays of two
different excitation energies, which can add to the usefulness of the
technique, and is made possible by a twin anode x-ray source. The most
commonly used anode materials for x-ray generation are either Mg or Al. X-
rays are generated by electrons from a hot tungsten filament impinging on
the anode material having been accelerated through a strong electric field
generated by an applied voltage in the region of 10-15 kV. The excitation
energies of the generated x-rays are either 1256.6 eV (Mg K,) or 1486.6 eV
(Al K,) depending on the choice of anode material. Electrons bound to the
atoms in the surface region of the sample are excited by the incoming x-

rays, and if excited by sufficiently high energy, they break free of their
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parent atoms and are released from the material. The kinetic energy (KE) of

the photoemitted electrons is described by Einstein’s equation;

KE = hv — E, Equation 2.1

where Ej is the binding energy of the electron in the atom with respect to the
Fermi level and hv (plancks constant x frequency) is the energy of the
photon from the X-ray source. As both the photon energy and the electron
binding energy are well defined, elemental identification of the atom from
which the electrons originated can be determined, as every energy level of
each element has a known discrete binding energy. A comparison exercise
between the measured binding energy and well established published
binding energy positions, reveals the atomic origin of the electron.

An energy level diagram for the full photoemission and analysis process is
illustrated in Figure 2.3 for a sample and spectrometer which are in
electrical contact. From Figure 2.3 it can been deduced that the sum of the
electrons initial binding energy measured up to the Fermi level (E), and its
kinetic energy after being emitted (E;,,), does not equal the photon energy

of the impinging x-rays.
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Figure 2.3 Energy level diagram for the photoemission process showing sample and

spectrometer in electrical contact.?

Equation 2.2 shows that the workfunction of the sample ®s, defined as the
energy difference between the vacuum level and the Fermi level (Eyac — Es),
must be considered when defining the kinetic energy of electrons emitted
from the sample.

hv = Ef + Eg;, + @ Equation 2.2

While Equation 2.2 relates to the actual kinetic energy of the emitted
electrons, Feldman and Mayer® explain how the measured kinetic energy
value (Exin) may differ from this. It has been shown that an electron passing
from the sample to the spectrometer experiences a potential difference,

equal to the difference between the workfunction of the sample @, and that
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of the spectrometer ®gpc. The measured kinetic value can therefore be
defined by;

Egin = Egin + (@5 — Pgpec) Equation 2.3

By substituting this into equation 2.2, the following expression emerges;

hv = Ef + Exin + Pspec Equation 2.4

The kinetic energy of electrons emitted from the sample may be changed by
atomic collisions and phonon interactions which can occur within the solid
before the photo-excited electrons emerge from the surface. The probability
of such interactions can be statistically predicted based on the inelastic mean
free path (IMFP) of the material, which is defined as the average distance
(nm) that an electron travels between successive inelastic collisions. This is

represented by the universal mean free path curve shown in Figure 2.4.
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Figure 2.4 Universal mean free path (MFP) curve for electrons in a solid, showing a range

of materials and their respective mean free paths for a few selected electron energies.*
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Only electrons which reach the analyser without suffering inelastic
collisions have kinetic energies which can be related back to the original
binding energy value. Therefore, in photoemission experiments, useful
information may only be obtained from the first 5 — 10 nm of the surface,
making the technique highly surface sensitive. Unscattered electrons
produce narrow and intense photoemission peaks, such as those shown in
the survey scan of ruthenium on a SiO; substrate in Figure 2.5. The binding
energy of these peaks can be related to the elements present at the surface.
Electrons which have lost energy due to inelastic collisions emerge from the
sample with a spread of lower kinetic energies, which add to the background
of the spectrum. This loss function is strongly dependent on the material in
question and a number of models have been developed to account for the
shape of the background. The most common function used in this regard is
known as the Shirley type background. The shape of an XPS spectrum is
also influnced by electrons which have lost energy due to the interaction
with other core level electrons, known as shake-up features. Additional
contributions to the shape of a spectrum include Satillite and Ghost peaks
which arise as a result of the non-monochromated nature of the x-ray
source. Finally, secondary electrons such as Auger electrons are a common

feature of a typical XPS spectrum.
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Figure 2.5 Survey scan taken from a 3nm ALD Ru film deposited on a SiO, substrate. By

analysing the binding energy positions of the photoemission peaks the elements Ru, O and

Si can be identified.

XPS measurements of a material allow identification of the presence of
elements which are at atomic concentration levels greater that
approximately 0.2 — 1%. It is common for elements to be identified and
quantified by the strongest spectral feature present in the data. In the case of
Ru for example, the strongest peak is the Ru 3d as illustrated in Figure 2.5.
Quite often the occurrence of overlapping peaks is encountered where the

binding energy of one elemental peak arises at or close to the binding
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energy of another - as is the case of the C 1s peak (BE 285 eV) and Ru 3d
(BE 284 eV). Under such circumstances, the presence of secondary core
level features, such as the Ru 3p, may be used in elemental identification.

Semi-quantitative analysis of the relative concentration of different elements
in a material can be achieved by comparing the intensity of the relevant core
level peaks. However, there are a number of factors which must be taken
into account in order to quantify chemical composition using XPS peak
intensities. This is analysed in further detail in reference to Mg 2p and O 1s
spectra taken from an MgO thin film deposited in Si (111) shown in Figure

2.6
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Figure 2.6 O 1s and Mg 2p spectra taken from a 20 nm stoichiometric MgO thin film.
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In order to determine stoichiometry using spectra in Figure 2.6 it must be
assumed that the MgO film is chemically homogenous, as if the chemical
composition perpendicular to the surface is non-uniform within the XPS
sampling depth, no definite elemental ratios can be extracted. The relative
binding energies of the two peaks also must be taken into account given that
the electron IMFP is strongly dependent on Kinetic energy. As such, it can
be said that the electrons emerging from the Mg 2p peak (BE 50 eV, KE
1200 eV) may emerge from a greater depth than O 1s electrons (BE 531 eV,
KE 720 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 photoexcited by the incident x-ray.’ Finally, the transmission
function of the analyser which determines the relative sensitivity of the
analyser to electrons of different kinetic energies, must be accounted for.

Based on these criteria, relative sensitivity factors (RSF) can be obtained for
core level peaks of each element allowing chemical compositions to be
analysed using RSF values. Published RSF values are available from XPS
reference manuals® and allow semi-quantitative analysis of chemical
composition to be achieved. In reference to the spectra in Figure 2.6, the
published RSF values of O 1s and Mg 2p are 0.711 and 0.129 respectively.®
Therefore, for stoichiometric MgO, the integrated area of the O 1s peak
should be 5.5 times greater than that of the Mg 2p. This analysis is at best

semi-quantitative and the use of reference materials is common for more
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accurate quantification studies. In this study, quantitative analysis has been
performed in an attempt to directly compare various samples, rather than for
the purpose of extracting absolute values.

The ability of XPS to distinguish between different chemical environments
of the same element is an extremely powerful characteristic of the
technique. This is made possible as the binding energy of an electron within
an atom depends on the immediate bonding environment of that atom. The
charge density around an atom is greatly influenced by changes in the
chemical bonding environment, which can subsequently manifest as a
‘chemical shift' in the binding energy positions of electrons in XPS spectra.
This process is outlined in Figure 2.7 using the silicon/silicon dioxide

system as a reference.
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Figure 2.7 Si 2p spectrum showing a 4 eV chemical shift between component peaks which

indicates the presence of Si and SiO..

The Si 2p spectrum was taken from a 4 nm SiO, thin film thermally grown
on a Si(111) substrate. It can be seen that electrons emerging from the Si
substrate appear at a binding energy position of 99.3 eV, while electrons
arising from the SiO, thin film appear at the higher binding energy position
of 103.3 eV. Both of these peaks are representative of the same Si 2p core
level electrons chemically shifted due to the difference in the bonding
environment from which they originated. The Si-Si bonding system in the
bulk creates an environment where the valence electrons can be shared

equally among each Si atom in the structure. Comparatively, the SiO,
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structure contains oxygen resulting in the transfer of electron density as a
consequence of the greater electronegativity of the O atoms. The result of
this is that Si-O bonds are more ionic and so excited Si 2p electrons arising
from the SiO, are ejected from the more positively charged silicon atoms
than those emerging from the Si bulk. The effect of this positive charge
manifests as a reduction in the kinetic energy of the emitted electrons, or an
increase in the binding energy of the SiO, peak. In summary, the relative
electronegativity values of elements within a sample can be used to identify
chemical composition. Chemical shift scan occur on both the higher binding
energy (HBE) side and the lower binding energy (LBE) side of spectral

components, revealing valuable chemical information.

XPS measurements may also be used to approximate the thickness of thin
films by comparing the intensity of core level peaks taken from the film and
the substrate. The thickness of the overlayer can be estimated by evaluating
the suppression of the substrate peak after the growth of a thin overlayer.
Thickness calculations may be simplified in a situation where the same
element is present in distinguishably different chemical environments,

e.g.an SiO, layer on a silicon substrate.

For a sample of material A which forms a thin uniform layer of thickness d

on a substrate of material S, the following equation can be written for the
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relative intensity of the substrate (I) and overlayer (I1a) XPS signals

(assuming exponential attenuation of the overlayer).”®

w _d
1, 1A {l_exp[AA,A(cosm]}

== Equation 2.5

I 0oyl =4
s Is"exp [AS,A (cos 6)]

This equation can be used to determine the thickness of deposited films. The
emission angle of the excited electrons, 4, in equation 2.5 is measured with
respect to the surface normal. Factors 1”4 and 1”5 are peak intensities taken
from samples of materials A and B of effectively infinite thickness. The
parameters iaa and s are the effective attenuation lengths of electrons in
the overlayer emerging from the overlayer and the substrate, respectively.’
The effective attenuation length (EAL) is known to differ from the inelastic
mean free path (IMFP) due to elastic-scattering which causes the
photoelectrons signal to decay in a non-exponential manner.™® This variation
from the IMFP value is dependent on the composition of the sample but, in
general, changes in physical properties such as an increased density will
result in a reduction of the EAL. In the case of SiO, on Si, where the kinetic
energy of the substrate and overlayer signals differ by approximately 4 eV,
the values Aaa and Asa are approximately equal and can be replaced by a

single term 4.° Making d the subject of equation 2.6;

(#)
d=2AcosOin|1+ 4L Equation 2.6

(#)
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IR
The ratio -%; can be referred to as K 91112

A

the ratio of the infinite intensities,
leaving;
d= Acosf.ln [1 + K (i—A)] Equation 2.7
S

As stated previously, equation 2.7 relates only to situations where the
kinetic energy of the substrate and overlayer peaks are comparable. In this
study equation 2.7 was used to calculate the thickness of Si oxide overlayers
on Si, with the parameter K being found experimentally using SiO, and Si
samples of effectively infinite thickness. A value for /1 can be found in the
literature.® Thickness calculations based on this method can be achieved

using software such as the NIST Electron EAL Database.™

The non-destructive depth profiling of a samples surface can be
accomplished within the sampling depth of the equipment using angular
resolved XPS (ARXPS). Previous discussions relating to the emission of
photoelectrons assume that they escape using the shortest path, which is
perpendicular to the sample surface. Therefore, the maximum sampling
depth is achieved by aligning the sample so that the electrons which emerge
normal to the surface are detected by the analyser. However, electrons
emerging from shallower angles with respect to the surface may also be
analysed by rotating the sample relative to the analyser. This is graphically
represented in Figure 2.8 for a thin SiO, layer on Si. It can be seen from the

diagram that electrons emerging perpendicular to the surface have the same
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sampling depth as those emerging at the angle 8, however, the perpendicular
depth d' into the sample is considerably less than d. As such, the core level
spectra taken at angle & are more surface sensitive than those taken at
normal emission. This is further evidenced by the Si 2p spectra in Figure 2.8
which are taken from a SiO, surface (5.4 nm) at emission angles equal to 0°
(normal emission) and 60°. It can be clearly seen that the spectrum taken at

60° shows an increased intensity from the Si oxide overlayer.

SiO2
1
|
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Figure 2.8 Si 2p spectra taken from a 5.4 nm SiO, layer on silicon showing increased

surface sensitivity using ARXPS.
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2.2 Transmission Electron Microscopy

Transmission electron microscopy (TEM) is a microscopy technique
whereby a beam of high-energy electrons is transmitted through an ultra-
thin specimen. An image is formed from the interaction of the electrons with
the sample which is magnified and focused onto an imaging device such as
a CCD camera. The focusing optics in a TEM system is similar to that of an

optical instrument as shown in Figure 2.9.

Electron
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Beam
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Projector Objective Aperture

Lenses

Viewing
Screen

Figure 2.9 Schematic of TEM.*

Electrons are emitted from either a tungsten filament, or field emission gun
and accelerated using high voltage (typically 80 kV — 200 kV) down the

beam column, where the condenser lenses converge the electrons onto the

30



specimen and control beam intensity and density. After the interaction with
the sample the electrons pass through the objective lens, which focuses the
image. The intermediate lens is used to change between imaging modes and
the projector lens provides final magnification before the electrons are
detected by the combination of a fluorescent screen, photographic film and
CCD camera. High vacuum is required within the system as the electron gun

and all the electromagnetic lens focusing rely on a large mean free path.

Proper sample preparation is of vital importance to provide useful images.
TEM samples are required to be at most hundreds of nanometers thick, as
samples need to have thicknesses comparable to the mean free paths of the
electron used. These thicknesses are achieved by a combination of

mechanical grinding, ion milling and focused ion beam etching.

Two modes of operation can be selected depending on the configuration of
the lenses. If the focusing is set similarly to an optical microscope to form
an image of the sample, the microscope is said to be in contrast mode.
Image contrast in TEM images can be obtained based on both the particle
and wave properties of the electron. Electrons passing atoms of higher
atomic number or thicker regions within the sample may not reach the
detector due to absorption events. This will result in dark regions within the
TEM image, allowing investigation of the structure and atomic composition

of the sample. Within this mode images may be formed from the primary
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undeviated beam (bright-field) or from a diffracted beam satisfying the
Bragg condition (dark-field).

The second mode of operation is achieved by using the sample as a
diffraction grating focussing the beam to form a diffraction pattern. This is
known as diffraction contrast, which uses the Bragg scattering of electrons
from crystalline regions within the sample. Scattering changes the angular
distribution of the electrons, allowing them to be detected separately from
unscattered electrons. As such, crystalline regions may be identified as
bright regions within the image’® and can be used to provide information

regarding crystal structure, lattice parameter and structural defects.

2.3 Energy dispersive x-ray spectroscopy

Energy dispersive x-ray spectroscopy (EDX) is a complementary analysis
technique which can be incorporated into a TEM. Essentially it can be seen
as a close relative of Auger spectroscopy in that the incident TEM electron
beam may excite an electron in an inner shell, ejecting it from the shell
creating an electron hole as schematically illustrated in Figure 2.10. An
electron from an outer, higher-energy shell then fills the hole, and the
difference in energy between the high energy shell and the lower energy
shell may be released in the form of an X-ray. The energy of each X-ray
photon is characteristic of the element which produced it. The EDX system

collects the X-rays and plots them as a function of energy, and automatically
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identifies and labels the elements responsible for the peaks in the energy
distribution. The EDX data are typically compared with either known or
computer generated standards to produce a full quantitative analysis

showing the sample composition.

Energy Dispersive X-ray
Fluorescence

{1} Incident TEM Electron

(2 JEjected core electron

an energylevel

{4} X-Ray Photon emitted

Figure 2.10 Basic concept of EDX.®

2.4 Electron energy loss spectroscopy

Electron energy loss spectroscopy (EELS) is a further useful technique
which can be integrated into TEM. After interaction with the sample, some
of the incident beam electrons will have lost a certain amount of energy due

to inelastic interactions with the sample. These inelastic events include
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phonon vibrations, plasmon excitations and inner shell ionizations. EELS is
similar to EDX in that it also provides information on atomic composition
and chemical bonding. However, unlike EDX, EELS works well at low
atomic numbers and provides better spatial resolution when compared with
EDX. The amount of energy loss is measured with an electron spectrometer
similar to the energy analyser used in XPS and a plot of energy loss vs.

relative intensity is plotted as shown in Figure 2.11.

The zero loss peak consists of elastic forward-scattered electrons which
have lost no energy. The plasmon resonance peak is due to the collective
response to the electron beam by all valence electrons. The ratio of plasmon
peak intensity to zero-loss peak intensity may estimate the sample thickness.
Of most interest is the region of high energy loss which contains core loss
peaks. The peaks in this region are characteristic for each element and can
provide chemical information. The fine structure of the peaks also contains
information about the electronic structure (e.g. O peak in MnO is different

than in NiO).
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Figure 2.11 Typical EELS spectrum showing low loss and core loss regions.*®

2.5 Atomic force microscopy

Atomic force microscopy (AFM) is an imaging technique used to obtain
topographical information from the surface of a sample at near atomic
resolution.'” The ability of AFM to probe surfaces that are not conducting in
nature gives it a distinct advantage over other similar and more sensitive
techniques such as scanning tunnelling microscopy (STM). Another benefit
of AFM is that it does not require an evacuated environment in which to
operate, making it an extremely quick and accessible technique. 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
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exist between two materials 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.'®

The AFM can be operated in three modes: tapping mode, contact mode and
non-contact mode. In contact mode the tip is scanned across a surface and
any deflection in the cantilever is recorded. The force, and hence cantilever
deflection, can be described by Hookes law; F = - kx where k is the spring

constant of the cantilever and x is the deflection.

In preparation for AFM operation, the tip must be appropriately positioned
and engaged. This is accomplished by initially manoeuvring the tip to
within approximately 1 mm of the surface using an optical microscope. The
microscope is set up to focus on surface features at an image distance of 1
mm. Piezoelectric motors are then used reduce the tip-sample distance in
increments of 10 um until the tip is engaged. The imaging of the surface is

then initiated by moving the sample in a scanning fashion underneath the

tip.
The cantilever is deflected by inter-atomic forces as the sample surface is

scanned with respect to the tip. The small deflections are detected using

laser light which is reflected from the back of the cantilever and onto a split
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photodetector, as illustrated in Figure 2.12. An image of the surface
topology is generated from the movement in the deflected tip as detected by

the photodetector.

Controller Feedback Loop Detector

Electronics Electronics

Split Photodetector

Cantilever

Figure 2.12 Operational diagram for AFM which shows how tip deflections are measured

using laser light reflected from the back surface of the tip.*® *®

Tapping mode operation involves scanning the tip and 'tapping’ the surface
in the process. The tip is attached to the end of an oscillating cantilever, the
frequency of which is kept constant by altering the position of the tip
relative to the surface. The amplitude of the oscillating cantilever is
typically between 20 nm and 100 nm, which is engineered to operate at or

near its resonance frequency.®® In tapping mode the tip spends much less
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time 'in contact’ with the surface resulting in less damage due to surface
contamination. Finally, in non-contact mode, the tip does not come in
contact with the surface at all. This is achieved by oscillating the cantilever
above the surface, usually at tip-sample distances of between 1 nm and 10
nm. This mode is typically used in soft biological samples to prevent both

sample and tip damage.

A Dimension 3100 SPM atomic force microscope was used in this study
which included an acoustic and vibration isolation hood on an anti-vibration
table. All images presented in this study were acquired using the AFM in
tapping mode. Information such as surface roughness, feature height and
root mean square (RMS) surface roughness were extracted using free
software called WSxM.* A minimum of 8 sites across the sample surface

were used to calculate RMS surface roughness values.

2.6 Secondary ion mass spectroscopy

Secondary ion mass spectroscopy (SIMS) is a highly sensitive technique
used to analyse the composition of solid surfaces and thin films by
sputtering the surface of a sample with a focused ion beam such as Ar".
Secondary ions are ejected from the target as a result of the sputtering
process which can then be collected and analysed using a mass

spectrometer. SIMS is considered to be the most sensitive analysis
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technique, with elemental detection limits in the region of parts per million.
The SIMS data acquired in this report was recorded on an IONTOF, TOF

SIMS 300 in Intel’s Laboratory in Leixlip, Co. Kildare.
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Chapter 3

Chemical and structural investigations of the incorporation
of metallic and partially oxidised Mn into Ru thin films for

use as Cu diffusion barrier layers

3.1 Introduction

As stated in Chapter 1, the concept of ‘stuffing’ the grain boundaries of Ru
thin films has been proposed as a potential mechanism to improve the Cu
diffusion barrier properties of Ru liner layers. Given that Mn has been
shown to form effective Cu diffusion barrier layers on SiO, surfaces,™? it is
suggested that it may be a suitable candidate for ‘stuffing’ the grain
boundaries of Ru films.® Therefore the focus of this chapter is to investigate
the chemical interactions of deposited Mn on 3 nm ALD Ru thin films. The
stated film thickness of 3 nm was confirmed by TEM data which will be
shown in section 3.3. It will also be shown in section 3.3 that the thermal
annealing of ~1 nm of e-beam deposited metal Mn on a 3 nm Ru film results
in the diffusion of Mn through the Ru liner and the subsequent interaction of
Mn with the underlying SiO, dielectric substrate. A consequence of the

chemical interaction of Mn with SiO, in the presence of a Ru thin film, is
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the release of Si from the substrate, which will be investigated further in

section 3.4.

3.2 Experimental details

The X-ray photoelectron spectroscopy (XPS) analysis was carried out using
a VG Microtech electron spectrometer at a base pressure of ~1 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 a 20 eV pass
energy, yielding an overall energy resolution of 1.2 eV. There was also an
Al anode available however the Mg source was used for superior resolution.
A thermal annealing study up to 500 °C was carried out in vacuum at a
pressure of ~5 x 10™° mbar, with samples kept at the target temperature for
60 minutes. Hydrochloric acid (HCI) etched Mn chips, with a purity of
~99.9 %, were used as a source material for the deposition of metallic Mn
thin films, using an Oxford Applied Research EGCO04 mini electron-beam
evaporator, at a chamber pressure of ~5 x 10 mbar. The XPS core level
spectra were curve fitted using Voigt profiles composed of Gaussian and
Lorentzian line shapes in a 3:1 ratio with a Shirley-type background. The
FWHM of the Si 2p bulk peak was 0.9 eV, with SiO, and Mn silicate
component peaks in the range 2.0 eV to 2.1 eV. The FWHM of the O 1s
SiO, component was 1.2 eV with Mn-silicate and Mn-oxide peaks in the

range of 1.1 eV to 1.2 eV. It should be noted that curve fitting of the Mn 2p

43



spectrum could not be performed given that XPS ghost peaks* emanating
from the Mn 2p;, are present within the peak profile of the Mn 2pss
component. The spin orbit splitting of the Mn 2p peak is ~ 11 eV, and the
Kaz and Kay X-ray emission lines are seperated from the main Ko, » peak by
8.5 eV and 10.1 eV respectively. The combined relative intensity of the
Kas4 peak compared to that of Koy, is ~14.2%.* As such, only non-curve
fitted Mn 2p spectra are included in this chapter. In agreement with previous
works>® the Mn 2p spectra shown in this study are primarily used to identify
the presence of metallic Mn and oxidized Mn species on the sample surface,
with O 1s and Si 2p spectra used to identify the presence of differing
oxidized Mn species such as Mn-silicate and Mn-oxide. High resolution
transmission electron microscopy (HRTEM) and electron energy-loss
spectroscopy (EELS) in scanning-TEM (STEM) mode were carried out in a
JEOL 3000 FEGTEM operating at 300 kV with a nominal probe size below
1 nm in the Materials Department in Oxford University. TEM and Energy-
dispersive X-ray spectroscopy (EDX) measurements were made on a Tecnai
G20 - LaBgs 200 KV with an EDAX system. Secondary ion mass
spectroscopy (SIMS) data was recorded on an IONTOF, TOF SIMS 300 in

the Intel Laboratory in Leixlip, Co Kildare.
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3.3 The diffusion of Mn through Ru thin films and the subsequent
formation of Mn-silicate at the underlying dielectric

Prior to XPS analysis the as received 3 nm ALD Ru film was analysed using
atomic force microscopy (AFM) and scanning electron microscopy (SEM).
AFM and SEM analysis indicated that the Ru film was flat and continuous
with an average RMS surface roughness measurement of ~0.2 nm.
Following the completion of AFM and SEM analysis, the Ru sample was
then loaded into the UHV system and analysed using XPS. The O 1s and Ru
3d spectra taken from the as-received surface showed the presence of a
surface localized Ru oxide species related to air exposure. A degassing
procedure of thermal annealing at 300 °C for 4 hours was then performed on
the surface, with O 1s and Si 2p spectra taken following degassing shown in
Figure 3.1. The O 1s spectrum taken from the degassed surface shows a
single component peak attributed to oxygen in the SiO, substrate, with no
evidence for the presence of Ru oxide to within the detection limit of

conventional XPS.
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Figure 3.1 O 1s and Si 2p spectra showing the growth of MnSiO3; as a function of thermal
anneal. (BE positions in O 1s - SiO, = 532.7 eV, MnSiO; = 531.3 eV, Mn-oxide =530 eV :
BE positions in Si 2p — SiO, = 103.8 eV, MnSiO; = 102.5 eV). All peak fitting parameters

included in Appendix A.

Approximately ~1 nm of metal Mn was deposited by in-situ e-beam
evaporation on the 3 nm Ru film and the sample was subsequently thermally
annealed up to 500 °C in a UHV environment of base partial pressure
~1x10"° mbar and the associated XPS core spectra are shown in Figure 3.1.
A small amount of Mn oxide was detected after the Mn deposition which
was attributed to the presence of residual gaseous oxygen in the UHV

chamber. It has been reported that Mn readily oxidises with oxygen
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exposures as low as 10 Langmuirs.” During the annealing cycle, there is
evidence for the growth of an additional component peak on the lower
binding energy side of both the O 1s and Si 2p spectra. The relative binding
energy positions of both these additional peaks are identical to those
attributed to MnSiOg in a similar study involving the thermal annealing of

metal Mn on SiO,'®

in the absence of Ru. It is important to note that
MnSiO3 has been reported to be an effective barrier to Cu diffusion? and as
such the formation of MnSiO3 seen in this study may improve the diffusion
barrier properties of the Ru/Mn layer. Figure 3.2 shows the growth of an
additional peak on the higher binding energy side of the Mn 2p spectra,
labelled ‘oxidized Mn’, which is in agreement with the formation of a
species involving Mn. This component peak overlaps with a ghost peak
associated with the higher binding energy metal Mn peak, making it very
difficult to curve fit. As a result, it is very difficult to distinguish between
Mn that is in an oxidized state and Mn that is in a silicate state. However, O
1s spectra show no evidence for the growth of a Mn-oxide component peak,
which is known to form between ~529.0 eV & 530.0 eV.*>® Furthermore,
the concurrent growth of component peaks in the O 1s, Si 2p and Mn 2p
core levels, suggests the formation of a chemical species containing all three
elements. The formation of MnSiO3 implies the diffusion of Mn through the

3 nm Ru film to the SiO»/Ru interface, where the chemical interaction

occurs. Additionally, there was a noticeable reduction in the relative
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intensity of the Mn 2p signal with respect to the Ru 3d as a function of
annealing which is consistent with the diffusion of Mn into the Ru film. It
should again be noted (P 45) that AFM and SEM measurements suggest that
the 3 nm Ru film was continuous on the SiO, surface. Therefore, it is
suggested that the MnSiO3 growth is due to the diffusion of Mn through the
Ru film, and not due to the interaction of Mn with “uncovered” areas of the
SiO; substrate. The 3 nm ALD Ru film was also annealed in the absence of

Mn where no noticeable changes in the Si 2p or Ru 3d were recorded.
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Figure 3.2 Mn 2p spectra showing the growth of a component peak referred to as ‘oxidized
Mn’ as a function of thermal anneal. The Mn 2p ‘Mn deposition’ spectrum is also overlaid
on the 500 °C spectrum for comparison. Ru 3d spectra (290 eV — 275 eV) show no change

during the experiment. (BE positions in Mn 2p — Metallic Mn = 538.8 eV, Oxidized Mn =
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642.4 eV: BE positions in Ru 3d = 280 eV). All peak fitting parameters included in

Appendix A.

There is some evidence in Figure 3.1 for the growth of a peak on the lower
binding energy (LBE) side of the Si 2p spectra at ~99.3 eV following higher
annealing temperatures. No corresponding peak was reported by Casey et
al' when Mn was deposited on SiO, in the absence of Ru, suggesting that
the presence of the overlying Ru film may play a role in the appearance of
this additional peak. The growth of a Ru-silicide species could not be ruled
out as a potential explanation for this additional peak, and will be
investigated further in section 4.5. However, in this study, the Ru 3d spectra
in Figure 3.2 remained unchanged as a function of annealing and as such
there is no evidence for the chemical interaction between the Ru and Si
during the experiment. It is possible that the limited amount of free Si
produced in this study is not sufficient to impact the Ru 3d peak emanating
from the dominating and abundant Ru metal signal. Moreover, there is no
evidence for any chemical interaction of Ru with the underlying SiO,
substrate, which has been confirmed by a parallel control experiment
involving the thermal annealing of the 3nm ALD Ru film in the absence of
Mn up to 500 °C. However, given that the samples were received with the
Ru layer already deposited, any potential chemical interaction of the
deposited Ru with the substrate could not be determined. Another potential

explanation for the additional Si peak is the growth of Mn-silicide species.
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Casey et al* have previously observed the formation of extremely low levels
of Mn-silicide growth following the interaction of Mn with SiO,. However,
the binding energy position of this Mn-silicide peak does not coincide with
the LBE peak seen in this experiment. Whatever the species of the peak at
~99 eV, it appears to be related to the presence of residual Si resulting from
the conversion of SiO; into MnSiOg at the Ru/SiO; interface. One possible
explanation for this peak is that it is related to the presence of residual
silicon which has diffused up from the Ru/SiO, interface following the
conversion of SiO, into MnSiOj3 at the Ru/SiOsinterface, however, this has

not been conclusively shown in this section.

Figure 3.3 shows a high resolution transmission electron microscopy (TEM)
image of the Ru layer which had been annealed to 500 °C, where grains of
differing orientations can be seen indicating its polycrystalline structure. It
should be noted that it was not possible to accurately calibrate the thickness
of the Ru layer as the bulk Si lattice was not present within the TEM image,
however, the measurements suggest that it is close to the target 3 nm

thickness and displays good uniformity.
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Figure 3.3 High resolution TEM image of the interfacial Ru layer displaying its

polycrystalline structure.

Figure 3.4(a) shows a high-angle annular dark field (HAADF) STEM image
of the structure. Given that this technique is sensitive to the atomic number
of the different elements or species present in the sample, the Ru layer
appears brighter. There is no indication of Ru or Mn diffusion into the
underlying dielectric. There is no visual evidence for a second layer at the
Ru/SiO; interface which could be attributed to that of MnSiO3 in either the
HRTEM or the HAADF-STEM micrographs. However, the intensity profile
of the Mn_ edge extracted signal obtained from the EELS line scan across
the Ru layer shown in Figure 3.4(b) indicate that the Mn is non-uniformly
distributed. There appears to be a build-up of Mn at both the Ru surface and
the Ru/SiO; interface with reduced intensity within the Ru film itself. It is
worth noting that the uniformity of the Mn signal intensity along the

Ru/SiO, interface is not constant, some areas being almost void of any Mn
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signal, which may be evidence for the localized diffusion or ‘stuffing’ of

Mn in the grain boundaries of the Ru film.

(b) Mn_ extracted signal
SiO2, Ru Mn
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Figure 3.4(a) STEM-HAADF micrograph of the Mn-Ru/SiO; layers. (b) Mn composition
profile obtained from the EELS line profile indicated by the dashed line in (a), showing the
presence of Mn at the Ru / SiO, interface, and at the Ru surface. There is a much reduced
Mn signal intensity in the Ru film itself suggesting that the Mn migrated through the film

where it interacted with the SiO, substrate.
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3.4 Investigation of the release of Si from SiO, during the formation of
Mn/Ru barrier layers

It has been shown in section 3.3 that the deposition of metal Mn on Ru thin
films results in the diffusion of Mn through the film and the subsequent
formation of Mn-silicate at the Ru/SiO- interface.’ However, the presence of
an additional Si peak, as observed by the emergence of an XPS component
on the lower binding energy (LBE) side of the Si 2p spectrum, at a BE
position of ~99 eV, remained largely unaccounted for. Importantly, it has
been reported by Frederick et. AI'*® and Wu et. AI* that the upward
diffusion of un-bonded Si from the dielectric substrate during barrier layer
growth leads to an increase in interconnect line resistance and degradation
of device performance. It is therefore essential that the mobility and location
of the Si reported in section 3.3° is studied in further detail in order to
understand its origins and its impact on barrier formation. The focus of this
section is to determine the chemical state of this Si species and investigate
whether it remains confined within the barrier layer region or, conversely, if
it has diffused away from the interface towards the Cu interconnect. The
growth characteristics of Mn-silicate barriers layers on SiO, surfaces in the
absence of Ru have previously been investigated in some detail using XPS.
Casey et al® have shown that the growth of Mn-silicate can be enhanced by
the deposition of partially oxidized Mn, however, no evidence for a similar

LBE Si 2p component peak was reported in that study. Therefore, in this
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section, a partially oxidized Mn film was deposited onto the Ru/SiO,
surface in order to investigate whether the presence of additional oxygen
promotes the growth of Mn silicate at the Ru/SiO; interface and to
determine if this results in a concurrent increase in the growth of the Si peak

identified in section 3.3.°

A thin (~2 nm) Mn-MnOy film was deposited onto the 3 nm Ru surface. The
Mn 2p spectrum taken from the Mn film following deposition is shown in
Figure 3.6. This spectrum shows evidence for both metallic Mn and
oxidized Mn, which is consistent with the emergence of a Mn oxide
component peak at 530 eV within the O 1s spectrum in Figure 3.5. This is in
agreement with the work of Lescop et. al.” who have shown that Mn-oxide
formation can occur following oxygen exposure as low as 10 Langmuirs.
The oxygen exposure during deposition of the Mn film in this experiment
was ~ 30 Langmuirs. The sample was subsequently annealed up to 500 °C in
UHYV at a base pressure of ~1x10™° mbar and the associated XPS core level
spectra were recorded. Figure 3.5 shows a reduction in the O 1s Mn-oxide
component peak® following thermal annealing along with a corresponding
growth of an additional component at a binding energy position of 531.3
eV. This is accompanied by the appearance of an additional peak in the Si

2p spectrum, at a binding energy separation of 1.4 eV from the SiO, bulk
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peak, consistent with the conversion of Mn and Mn-oxide into Mn-silicate

in agreement with previous studies and section 3.3.>°
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Figure 3.5 O 1s and Si 2p spectra taken from the Ru/SiO, surface following Mn-MnO,
deposition and subsequent UHV thermal annealing treatments. (BE positions in O 1s - SiO,
= 532.7 eV, MnSiO; = 531.3 eV, Mn-oxide = 530 eV : BE positions in Si 2p — SiO, =

103.8 eV, MnSiO; = 102.5 eV). All peak fitting parameters included in Appendix A.

In section 3.3 of this chapter the formation of Mn-silicate at the Ru/SiO,
interface following the diffusion of metallic Mn through the Ru grain
structure was investigated. However, two aspects of the results shown in
Figure 3.5 cannot be fully explained based on the information currently

available within the literature. Firstly, the results show evidence for
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considerably higher levels of Mn silicate growth than previously reported
following the metallic Mn deposition.® Casey et al® have previously shown
that the formation of Mn silicate is self-limited by the presence of additional
oxygen species beyond that present within the SiO, film and as such
increased silicate formation following the deposition of partially oxidized
Mn is in agreement with expected results. However, the mechanism of Mn
silicate growth in the MnO,/Ru/SiO, system requires further analysis.
Secondly, Si 2p spectra in Figure 3.5 show the emergence of a component
peak at BE position of ~99 eV following thermal annealing, in agreement
with the results in section 3.3 of this when metallic Mn was deposited.’ This

peak is attributed to the presence of released Si. Cerofolini et al.*?

reported
the binding energy positions of the Si 2pi, and 2ps; lines for various
species of Si-Si and Si-H bonds. Therefore, it is important to determine if
the increased levels of Mn silicate formation seen in Figure 3.5 are due to
the diffusion of both Mn and oxygen through the Ru film, or alternatively, if
the Mn silicate growth is increased due to the upward diffusion of Si
allowing it to react with the deposited MnOy layer. Ru 3d spectra acquired
following MnOy deposition and subsequent thermal annealing are shown in
Figure 3.6. It can be seen that there is no noticeable change in the profile of
the Ru 3d peaks during the course of the experiment and therefore it can be

stated that the chemical state of the Ru layer was not altered to within the

detection limit of XPS.
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Figure 3.6 Mn 2p and Ru 3d spectra corresponding to Figure 3.5. Mn 2p spectra showing
no significant change after thermal anneal due to the conversion of Mn oxide to Mn-
silicate, both of which have similar BE positions. Ru 3d spectra (290 eV — 275 eV) show no
change in profile during the experiment. (BE positions in Mn 2p — Metallic Mn = 538.8 eV,
Oxidized Mn = 642.4 eV: BE positions in Ru 3d = 280 eV). All peak fitting parameters

included in Appendix A.

Figure 3.7(a) shows TEM analysis of the Mn-MnO,/Ru system, together
with a copper capping layer deposited prior to removal from the UHV
system in order to prevent atmospheric contamination. The Ru layer can be
clearly identified with a measured thickness of ~3.6 nm while the deposited
Mn-MnOy layer has a thickness of ~2.8 nm. EDX analysis was then
performed in order to determine the relative position of the released Si

species within the Mn/Ru/SiO, structure and these results are shown in



Figure 3.7(b). This analysis shows evidence for the presence of both Si and
Mn within the Ru layer, which is consistent with the upward diffusion of Si
released from the substrate during the formation of Mn-silicate at the
Ru/SiO; interface. This analysis is in agreement with the appearance of the
LBE Si 2p peak shown in Figure 3.5 and that reported in section 3.3. While
EDX analysis offers strong evidence for Si diffusion, it is not conclusive, as
the spatial resolution of the technique may not be sufficient to adequately
analyze the chemical composition of the ultra-thin 3.6 nm Ru film.
Consequently, SIMS analysis of the same sample was performed in order to

provide more conclusive evidence of silicon diffusion.

3
Energy (KeV)

Figure 3.7(a) High resolution TEM image of the interfacial Ru layer and overlying Mn-
MnOxlayer on the SiO, substrate with the protective Cu capping layer. (b) Corresponding

EDX analysis showing the presence of a Si signal in the Ru layer.
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The SIMS profile, shown in Figure 3.8 clearly displays evidence of a Si
signal within the Ru film. Furthermore, the presence of Si within the
overlying Mn/Mn-oxide deposited layer is further apparent. Both of these
experimental observations suggest that some of the Si released from the
SiO, dielectric substrate following the interaction with Mn has diffused
through the Ru film to the surface of the ALD deposited layer. It should be
noted that a control sample (not shown) consisting of the same Ru ALD
layer on SiO, without the presence of Mn was annealed to 500 °C and no Si
signal was observed in or above the Ru layer in the SIMS profile. The
presence of Si in the Mn-MnOy deposited layer suggests that the
significantly increased silicate growth seen in the Si 2p and O 1s XPS
spectra in this study results from Mn-silicate forming either in or on top of
the Ru film, as well as at the SiO2/Ru interface. It should be noted that
previous studies investigating the growth of Mn silicate barrier layers on
SiO; surfaces in the absence of Ru showed no evidence for the release of
Si.! As such, the mechanism by which Si is released from the Mn/Ru/SiO»
interface is not clear. It should be noted that there is a small error ‘blip’

present in the SIMS profile at ~280 seconds.
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Figure 3.8 SIMS analysis taken from the Mn-MnO,/Ru/SiO, structure following the
completion of XPS analysis. SIMS profile shows the presence of a Si signal at the surface
of the Ru film indicating the upward diffusion following Mn-silicate growth at the Ru/SiO,

interface.

These results therefore suggest a possible reaction mechanism for the
appearance of increased Mn-silicate formation when the Mn overlayer is
partially oxidised. When metal Mn is deposited on a Ru thin film in UHV,
Si is released from the substrate upon silicate formation at the Ru/SiO,
interface. However, in the case of a metallic Mn deposition, the extent of

Mn-silicate growth is self-limited by the absence of oxygen as a chemical
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reactant to form more Mn-silicate with the released Si in the Ru film. As
shown here, the presence of partially oxidized Mn on the Ru surface
provides a source of oxygen to facilitate further silicate growth. Therefore, it
cannot be assumed that an increased silicate signal is related to the barrier
layer formation beneath the Ru film. In follow up experiments the Mn-
silicate signal was further increased by annealing the sample at 500 °C in an
oxygen partial pressure of ~1x10® mbar, indicating the importance of the
supply of additional oxygen as a reactant to facilitate further Mn-silicate
growth. However, this additional silicate growth is at the surface of the Ru
layer, rather than at the Ru/SiO, interface. Previous studies by Frederick et
al.’® and Wu et al.” have also reported the release of Si from the SiO,
substrate during the formation of Cu diffusion barrier layers. These studies
reported the diffusion of un-bonded Si into the Cu interconnect causing an
increase in interconnect resistivity and degradation in device performance.
As such, the release and upward diffusion of Si from the SiO, surface
during MnSiO3; growth may have a significant impact on the effectiveness

of Mn/Ru based Cu diffusion barrier layers.
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3.5 Conclusions

In summary, it has been shown that Mn can be diffused through a 3 nm
ALD Ru thin film following thermal annealing at temperatures lower than
500 °C. It has also been shown using XPS analysis that diffused Mn
interacts with the underlying SiO, dielectric substrate to form the Mn-
silicate species MnSiOs which is known to be a barrier to Cu diffusion.? The
EELS profile of the Mn elemental distribution across the Ru layer supports
this finding, suggesting that Mn may be a suitable metal to ‘stuff’ the grain
boundaries of Ru films thereby improving the integrity of the film as a
barrier to Cu diffusion. It has also been shown that a thin deposited layer of
partially oxidized Mn on a 3 nm ALD Ru film results in the diffusion of Mn
through the Ru film and the subsequent formation of Mn-silicate at the
Ru/SiO; interface upon anneal. EDX and SIMS analysis indicate that Si is
released from the SiO; interface during the formation of interfacial silicate,
and the free Si diffuses upward through the Ru film. XPS analysis indicates
the growth of a substantial quantity of Mn-silicate formed at both the Ru /
SiO; interface and within the Mn/MnOy deposited layer as a result of this
upward Si diffusion. These results have implications for the integration of
Ru/Mn layers into future interconnects in that the release of silicon from the
underlying dielectric layer as a result of silicate formation could have
detrimental consequences in terms of subsequent copper plating and

operational longevity.
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Chapter 4

The addition of Al to Ru liner layers for use as Cu diffusion

barriers

4.1 Introduction

Aluminium has been investigated as a potential self-forming barrier layer
material, mainly because it has been used for IC metallization in the past.
Perng et. al." showed that adding small amounts of Al to bulk Cu is an
effective way to produce a self-forming AlOx Cu diffusion layer on porous
low-k films. Given that aluminium segregates to the interfaces of copper
films,? a focus of this chapter is to determine if a similar effect is observed
in ruthenium liner layers. The addition and segregation of Al in Ru layers is
of interest as it may improve the diffusion barrier properties of the Ru film
by forming an AlOy layer upon its interaction with the underlying dielectric.
Given that a small concentration of Al in Ru films is unlikely to impact
upon the excellent Cu plating attributes of the Ru liner, the Al-Ru system
may be a viable option to act as a liner and exhibit Cu diffusion barrier

characteristic.
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4.2 Experimental details

Thermally grown SiO, layers on Si(111), with a measured thickness of 5.4
nm, were grown using the Semitool dry oxidation process in a Thermoco
9002 series furnace at 850 °C. The SiO, surfaces were prepared using a
standard degreasing procedure of successive dips in acetone, methanol and
isopropyl alcohol (IPA) before being loaded into a UHV deposition and
analysis system. SiO, samples were then degassed at ~200 °C for 4 hours,
with the UHV chamber reaching a maximum pressure of 5 x 10° mbar
during degassing. The 3 nm Ru thin films were degassed in UHV at 300 °C
for 3 hours, resulting in the removal of surface oxide as determined by
XPS.2 The XPS analysis was carried out using the XPS setup described in
section 3.2. A high temperature annealing study up to 600 °C was carried
out in ultra-high-vacuum (UHV) at a pressure of ~5 x 10 mbar, with
samples kept at the target temperature for 60 minutes. Ultra-thin Al layers
were deposited in-situ using thermal evaporation from a W filament, at a
base pressure of ~5.0 x 10® mbar. The XPS core level spectra were curve
fitted as described in section 3.2.* The Al metal peak was curve fitted using
a Doniac-Sunjic line shape in order to allow for the asymmetric nature of
the metal peak. The FWHM and asymmetry parameters were obtained from
an Al reference sample which showed no evidence of O or C contamination

to within the detection limit of XPS.
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4.3 Investigation of the interaction of Al on SiO,

Approximately 2 nm of Al was deposited onto a 5.4 nm thermally grown
SiO;, layer in the absence of Ru and the Al/SiO, system was subsequently
thermally annealed up to 600 °C. The focus of this experiment was to
develop an understanding of the inherent chemical interactions at the
Al/SiO; interface in the absence of Ru, so that the impact of the Ru liner
may be accurately determined in section 4.4. Figure 4.1 shows the
progression of the O 1s and Al 2p core level peaks through the experimental
cycle. It is evident from the curve fitted Al 2p spectrum that the Al was in a
primarily metallic state (~80%) upon deposition, as evidenced by the
presence of a component peak at ~72.7 eV.> An additional component peak
at a BE position of ~75 eV is also present which has been identified as
Al,O; in agreement with previous studies,® attributed to oxidation of the Al
film due to the presence of residual O within the UHV chamber during
deposition. In agreement with this, there is also evidence for a small
component peak on the LBE side of the SiO, O 1s peak attributed to the
presence of this limited amount of Al,Os. It is clear from the Al 2p peak in
Figure 4.1 that the area of the Al,O3; component grows with thermal anneal,
suggesting the conversion of Al metal to Al,O3;. The area of the Al,O3
component at a binding energy position of 531.8 eV in the O 1s peak profile

also grows with respect to that of SiO..

67



Intensity (arb. units)

538 536 534 532 530 80 78 76 74 72 70 68
Binding energy (eV)

Figure 4.1 O 1s and Al 2p spectra taken from the Al/SiO, surface following Al deposition
and subsequent UHV thermal annealing treatments. (BE positions in O 1s - SiO, = 532.7
eV, Al,O; = 531.8 eV: BE positions in Al 2p — metal Al = 72.7 eV, Al,0; = 75.3 V). All

peak fitting parameters included in Appendix A.

While it is possible that the conversion of Al metal to Al,Os is partially due
to the presence of residual chamber O during thermal anneal, the reduction
in the intensity of the Si 2p signal in SiO, shown in Figure 4.2 strongly
indicates that the Al layer was converted to Al,O3 due to the reduction of
the SiO; following thermal annealing. This is in agreement with Bauer et.

al.” who reported the self-limiting conversion of SiO, to Al,O3 under similar
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experimental conditions. Al,O3 is thermodynamically more stable than SiO,
with Gibbs free energies of -1582.3 ki/mol and -856.4 kJ/mol, respectively,®
supporting the results outlined. The Si 2p spectra in Figure 4.2 also shows
the growth of the Si component peak at a BE position of ~99 eV with
respect to the SiO; bulk, concurrent with the growth of Al,Os. This is as a
result of the reduction of SiO, during the formation of Al,O3, leaving Si at
the interface at a BE indistinguishable from the Si substrate signal. The
presence of a Si peak at ~99 eV prior to Al deposition is due to the fact that
the sampling depth of the XPS exceeds the thickness of the 5 nm SiO, film.
At this point it is important to note that the release of Si during the
formation of Cu diffusion barrier layers is undesirable as it can potentially
migrate into the adjacent copper wiring leading to an increase in
interconnect line resistance and the consequent degradation of device

performance as outlined in chapter 3.2
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Figure 4.2 Si 2p spectra taken from the SiO, surface following Al deposition and
subsequent UHV thermal annealing treatments showing the reduction of the oxide and the

presence of unbonded silicon. All peak fitting parameters included in Appendix A.



4.4 Investigation of the addition of Al into Ru thin films

Atomic force microscopy (AFM) and scanning electron microscopy (SEM)
analysis taken from the 3 nm ALD Ru film deposited on SiO, (data not
shown) suggested the layer was “flat” and continuous, with an average
surface roughness of ~0.2 nm as stated in chapter 3. Upon entry into the
UHV system, a small surface oxide peak was detected using XPS analysis
which was subsequently removed following a degassing procedure
described in section 3.3.3 The removal of surface oxide produced a clean
metallic Ru film with a single O 1s component peak attributed to the SiO,
dielectric substrate beneath the Ru liner layer, as shown in Figure 4.3.
Approximately 1 nm of Al was then deposited on the Ru thin film. The
deposited Al film was largely metallic (~72%) with a small oxide peak
attributed to the presence of residual chamber oxygen during deposition.
The chamber pressure during deposition was ~3 x 10® mbar. Figure 4.3
shows the concurrent growth of the Al,O3 components of both the Al 2p and
O 1s spectra with thermal anneal, at the same binding energy (BE) positions
as reported in the Al/SiO, system in section 4.3. It is again possible that
some of the Al-oxide growth seen in Figure 4.3 was due to residual oxygen
in the UHV chamber during the annealing cycle. However, the emergence
of a Si (~99 eV) component peak at 400 °C as seen in Figure 4.4, strongly
suggests that the Al reduced the SiO, substrate and released Si. Given that

AFM and SEM studies confirm the continuity of the ~3 nm Ru film on the
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SiO, surface, it can be stated that in order for the Al to interact with the
substrate, the Al must first have diffused though the Ru liner. This is in
agreement with the previous studies which have shown that Mn and Cu
diffuse through the grain boundaries of Ru liners.®*'**? However, the
diffusion mechanism of Mn in Ru films is not well understood as a study
involving a deposited Mn/Ru composite failed to provide evidence for Mn
diffusion.™ It is suggested that the presence of Mn in this alloying form may
restrict the growth of grain boundaries and eliminate diffusion paths. Further
studies are required in this regard. It should be noted that structural imaging
techniques such as TEM were not used as part of this investigation, and as
such, the diffusion mechanism of Al through ultra-thin Ru layers was not
conclusively determined in this study. It has also been shown in section 3.4
that Si released beneath Ru films in this manner is likely to diffuse up
through the Ru layer,* potentially impacting upon the conductivity of the
liner and thus affecting both the subsequent copper interconnect deposition
and the conductivity of the entire liner/interconnect structure. The limited
nature of the conversion of metal Al to Al,Os in this instance should be
noted, suggesting that only a limited quantity of the metal diffuses through
the Ru liner to the Ru/SiO; interface. This is in contrast to the Al/SiO,
system where all the Al metal was converted to Al,O3 in the absence of the

Ru liner acting to separate the Al and the SiO, layers.
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FIG. 4.3 O 1s and Al 2p spectra taken from the Al/3nm Ru/SiO, structure following Al
deposition and subsequent UHV thermal annealing treatments. (BE positions in O 1s - SiO,
=532.7 eV, Al,03 = 531.9 eV, Ru — oxide = 530.9 eV: BE positions in Al 2p — metal Al =

73.1eV, Al,O;3 = 75.3 eV). All peak fitting parameters included in Appendix A.

There is an additional component peak on the lower binding energy (LBE)
side of the O 1s when compared to the Al/SiO, system suggesting that the
presence of the Ru film has an impact on the chemical interactions which
occur at the Ru/SiO, interface. Additionally, Figure 4.4 shows the
concurrent growth of a peak on the HBE side of the Ru 3ds, spectrum
providing evidence for the chemical interaction of Ru with the interfacial

structure. This is in contrast to the Mn/Ru system where the chemical state
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of the Ru liner remained unchanged during the formation of Mn-silicate at
the Ru/SiO, interface as shown in Chapter 3. In a separate experiment, Ru
was deposited by e-beam evaporation on a fully formed Al,O3 film and the
sample was subsequently annealed up to 500 °C in UHV. In this case, there
was no indication of any chemical interaction between the Ru and the
underlying Al,O3 film. It has been reported that Al,O3 is thermodynamically
more stable than Ru oxide.” As such, the evidence suggests that the
additional component peaks seen in both the O 1s and Ru 3ds, are unlikely
to be due to the interaction of Ru with Al,O3, but rather the formation of a
Ru-oxide phase resulting in the partial oxidation of the Ru film, however
this requires further investigation. The interaction of Ru metal with O in this
manner may reduce the conductivity of the Ru liner and increase the overall
line resistance. There is also some evidence for peak broadening on the LBE
side of Ru 3ds), suggesting the interaction of Ru with a more electropositive
element such as Si or Al. Given the Al 2p peak fits well with identical peak
fitting parameters as those used in the Al/SiO, system in the absence of Ru
(Figure 4.1), the broadening of the Ru 3dsy; is unlikely to be due to a Ru-Al

interaction.
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Figure 4.4 Ru 3ds, and Si 2p spectra taken from the Al/3 nm Ru/SiO, structure. The Ru
3ds, shows the growth of an additional HBE component due to the interaction of Ru-O
following thermal anneal. There is also evidence for peak broadening on the LBE side of
the Ru 3ds,, which will be discussed in section 4.5. The Si 2p spectra show the emergence

of released Si following a 400 °C thermal anneal.

4.5 Investigation of silicon on 3 nm Ru thin films

These investigations have shown that the formation of Al-based barrier
layers on SiO, results in the release of free Si. There is also some evidence
for the interaction of Ru with a more electropositive element such as Si in
Figure 4.4. As such it is important to determine the potential impact free Si

could have on the liner/barrier layer structure. It has been reported that
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mobile Si in Cu lines results in device degradation and a reduction in line
performance.”'® However, little work has been performed on the chemical
interaction of Si with Ru liner layers. Although Ru and Si were both present
in the system described in chapter 3,’ there was no evidence for the
interaction of Ru with Si. This could be explained by the fact that Si was
consumed in the Mn/SiO, system in the formation of Mn-silicate resulting
in a minimal amount of released Si. Comparatively, the quantity of Si
released in the Al/Si0, system is substantial as the formation of Al,Os at the
interface does not consume Si making the XPS detection of any potential Si-
Ru interaction more likely. It should also be noted that the energy of the
photoelectrons which emerge from Si in the Ru-Si complex outlined in this
study are very close to the binding energy position of the first Si sub oxide
state. As such, unambiguously determining the presence of small quantities
of Rus-silicide is difficult. In order to determine if any such interaction does
occur upon the incorporation of Si into the Ru layer, approximately ~2 nm
of Si was e-beam deposited directly on a 3 nm ALD Ru thin film in order to
provide sufficient Si at the Ru surface to observe any chemical interaction
thereby simulating the incorporation of abundant released Si from the
substrate in the Ru liner. Figure 4.5 shows the Si peak in the Si 2p spectrum
at a BE position of ~99 eV upon Si deposition, identical to the BE position
of the released Si peak from the SiO, dielectric for annealed Al layers in the

absence of Ru as observed in Figure 4.2. While the deposited Si film is

76



predominantly unoxidized, there are small concentrations of higher
oxidation states present. The Si/Ru structure was then subject to thermal
annealing at 400 °C resulting in the concurrent growth of additional
component peaks on the HBE of the Si 2p (shifted by 0.3 eV) and the LBE
side of the Ru 3d (shifted by 0.4 eV) suggesting a chemical interaction
between Ru and the deposited Si consistent with the formation of Ru-

silicide (Ru,Si3),'® based on the electronegativity difference between Si

(1.9) and Ru (2.2).
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Figure 4.5 Ru 3ds,, and Si 2p spectra taken from deposited Si on a 3 nm ALD Ru film. The
spectra show the growth of Ru-silicide with thermal anneal. (BE positions in Ru 3ds, — R
metal = 280.0 eV, Ru silicide = 279.6 eV. BE positions in Si 2p — SiO2 = 103.7 eV, bulk Si

=99.3 eV, Rusilicide = 99.6 eV). All peak fitting parameters included in Appendix A.



It should be noted that all of the Si in Figure 4.5 has been converted to Ru-
silicide, along with a substantial quantity (~80%) of the Ru film indicating
the ease of formation at this temperature. Peak fitting analysis of the Ru 3d
spectra reveal a BE separation between the Ru-silicide peak and the Ru
metal of ~0.4 eV. The Ru 3p spectra (not shown) also displayed a Ru-
silicide peak on the LBE side of the metal with a BE separation of ~0.4 eV
to the bulk. This experiment shows that Ru-silicide readily forms where the
two species are present in their elemental form and in sufficient quantities.
Therefore the diffusion of Al through the deposited Ru layer and its
subsequent interaction with the underlying dielectric thereby releasing
silicon, could result in the formation of a Ru-silicide interlayer which has
previously been proposed as a possible diffusion barrier layelr.16 This
material system warrants further study in terms of assessing its potential
application as a diffusion barrier layer between the dielectric and

subsequently deposited Cu.
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4.6 Conclusions

In summary, it has been shown that Al deposited on a 5.4 nm SiO, film
results in the formation of Al,O; during thermal anneal which is
accompanied by the release of Si from the dielectric surface. In a separate
experiment Al was deposited on a 3nm ALD Ru film and annealed to
500 °C. It was shown that thermal annealing results in the diffusion of Al
through the liner layer and the subsequent chemical interaction with the
underlying SiO, dielectric substrate to form Al,Os3, Ru-silicide and Ru-oxide
at the Ru/SIO, interface. XPS analysis of the Si 2p also indicates the
concurrent release of Si from the SiO, dielectric layer. The chemical
interaction of Si with Ru has also been shown which may have possible

diffusion barrier layer applications.
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Chapter 5

In-situ investigations into the mechanism of O catalysis on
Ru/Mn surfaces and the thermodynamic stability of Ru/Mn

based Cu diffusion barrier layers

5.1 Introduction

Numerous studies’** have shown that alloying of transition metals increases
the catalytic activity of metal surfaces towards oxygen, which can be
measured experimentally as changes to various catalytic descriptors. These
descriptors include adsorption energy which is a limiting factor for O,
dissociation, and the thermodynamic stability of intermediate chemical
species adsorbed on the surface following O, dissociation, which is a
limiting factor for the formation of reaction products.> However, the
mechanism behind these changes have not been understood within the
literature. The theoretical model used most extensively to explain this effect
is known as the d-band theory, which correlates the catalytic activity of
transition metals with changes in the energy of the d-band centre.??
However, numerous other studies have shown results inconsistent with d-

band model predictions,** including a recent photoemission spectroscopy
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study by Hofmann et al® which found no correlation between the d-band

centre and catalytic activity descriptors.

It has been suggested that one of the major challenges to improving the
fundamental understanding of this O reactivity mechanism is the difficulty
in adsorbing significant amounts of dissociated O on catalytic surfaces
within controlled ultra high vacuum (UHV) conditions.” However, Lescop®
has shown that O can be dissociatively chemisorbed on Mn surfaces in the
form of Mn monoxide (MnO) following UHV O, exposure levels as low as
30 Langmuirs. As such, this low barrier to O, dissociation allows oxygen
dissociation to be achieved on Mn surfaces within a fully controlled UHV
environment. In addition to this, other studies have reported high catalytic
activity for Ru-Mn based surfaces such as Ru-Mn-Fe ° and Ru/LaSrMnO.*°
Therefore, Ru/Mn may offer an ideal material system to experimentally
investigate the mechanism by which alloying of transition metals increases

catalytic activity on bimetallic surfaces.

In the first section of this chapter initial investigations into the inherent
catalytic activity of bimetallic Ru/Mn surfaces towards molecular O were
performed using in-situ XPS analysis. The focus of this study is to use a
fully in-situ UHV experimental procedure in order to determine if the

presence of Ru increases catalytic activity on the Mn/Ru surface. Changes
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in catalytic activity were measured by investigating the impact of Ru on the
thermodynamic stability of an ultra-thin Mn-oxide layer, as represented
schematically in Figure 5.1(a). The second section of this study investigates
the potential impact of this catalysis on industrial applications by
determining if the presence of Ru alters the thermodynamic stability and
chemical composition of ultra-thin (~5 nm) mixed phase MnO/MnSiO;
(Figure. 5.1(b).) and single phase MnSiO3; (Figure. 5.1(c)) Cu diffusion

barrier layers.'

MnO (~2 nm) (a)

Ru (10 nm}

Ru (~2 nm) ¢
MnOIMNSIO3 (-5 nm}I

(b)

Ru (~2 nm) ‘

]

MnSi03 (~5 nm) i

Figure 5.1 Schematic diagram representing the three separate experimental samples
analysed in this study: (a) represents the formation of a ~2 nm MnQO layer on Ru (~10 nm)
investigated in section 5.3. (b) represents the deposition of a Ru liner layer (~2 nm) onto a
mixed phase MnO/MnSiOj; barrier layer (~5 nm) and (c) represents the deposition of a Ru
liner layer (~2 nm) onto a single phase MnSiO; barrier layer (~5 nm), both of which will be

investigated in section 5.4. All of the above sturctures are on an SiO, substrate.



5.2 Experimental details

High quality thermally grown SiO, layers on Si(111), with a measured
thickness of 5 nm, were grown using the Semitool dry oxidation process in a
Thermoco 9002 series furnace at 850 °C. The SiO, surfaces were prepared
using a standard degreasing procedure of successive dips in acetone,
methanol and isopropyl alcohol (IPA) before being loaded into a UHV
deposition and analysis system. SiO, samples were then degassed at ~
200 °C for 4 hours, with the UHV chamber reaching a maximum pressure of
~5 x 10" mbar during degassing. Ex-situ sputter deposited Ru layers with a
nominal thickness of 10 nm were used as substrates for the formation of
Ru/Mn bimetallic surfaces. Ru samples were degassed at 400 °C for 4 hours
prior to Mn deposition, with the UHV chamber reaching a maximum
pressure of 8 x 10”° mbar during degassing. Mixed phase Mn monoxide
(MnO)/Mn silicate (MnSiO3) and single phase MnSiO3 barrier layers were
formed on SiO, surfaces following 500 °C annealing, using the growth
procedure outlined by Casey et al.** An Oxford Applied Research EGC04
mini electron-beam evaporator was used for the room temperature
evaporation of both Mn and Ru thin films using Mn and Ru source materials
of 99.99 % purity at a deposition pressure of ~5 x 10”° mbar. It should be
noted that MnO and MnSiOg barrier layers with a thickness of ~5 nm were

formed in this experiment in order to facilitate XPS analysis of these
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surfaces, even though these thicknesses are greater than that required for

interconnect applications.

Thermal annealing studies were carried out in-situ at a UHV pressure of ~5
x 10 mbar, with samples kept at the target temperature for 60 minutes.
Following XPS analysis, samples were annealed again to the same
temperature for an additional 60 minutes. As no further changes were
observed in XPS spectra taken after this second anneal, it was assumed that
chemical reactions reached thermodynamic equilibrium following these
annealing cycles. This was done in order to ensure that the changes in XPS
spectra observed following Ru deposition in Figure 5.4 through Figure 5.7
were due to the interaction of Ru with the barrier layer surface and not
simply due to repeated thermal annealing of the barrier layer structure. All
thickness values quoted in this study, with the exception of the 10 nm Ru

substrate layer, are based on XPS thickness calculations.*?

Section 5.3 details how a number of factors act to complicate the analysis of
XPS data in this study. These include multiplet splitting and shake-up
features within the Mn 2p spectrum and surface electron charging effects in
the Si 2p spectra. Multiplet splitting can be described in simple terms as an
energy coupling interaction between unpaired electrons in the valence shell

and unpaired electrons within the core level, which occurs following the
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excitation of core level electrons during the photoemission process.*® The
result of this energy coupling for manganese is that Mn 2p spectra taken
from a single chemical species contain several multiplet peaks over a energy
broad range (~10 eV). Another spectral feature known to affect the analysis
of Mn 2p spectra are shake-up features which arise from photoelectrons
which have lost energy through the promotion of valence electrons from an
occupied energy to a higher unoccupied level. While these factors greatly
complicate analysis, Nesbit et al*®* have outlined curve fitting parameters
which can be used for the deconvolution of Mn 2p photoemission spectra
taken from a number of specific Mn-based chemical species. In this study

these curve fitting parameters™ are used to curve fit Mn 2p*?

spectra taken
from Mn monoxide (MnO) surfaces. This allows MnO, a single chemical
species, to be identified using six spectral lines. However, no such
parameters are available for the Mn silicate species MnSiOg, and attempting
to curve fit Mn 2p spectra originating from MnSiOj3 using the parameters
outlined for MnO would not be an accurate or relevant deconvolution of the

XPS data. Therefore, Mn 2p spectra taken from MnSiO3; and mixed phase

MnSiO3/MnO surfaces are presented as non-curve fitted data.

The XPS analysis was carried out using the XPS setup mentioned in section

3.2. The XPS core level spectra were curve fitted using Voigt profiles

composed of Gaussian and Lorentzian line shapes in a 3:1 ratio and using a

87



Shirley-type background. The FWHM of the Si 2p bulk peak was 0.9 eV,
with SiO; and Mn silicate component peaks in the range 1.1 eV to 1.2 eV.
The FWHM of the O 1s SiO, component was 1.2 eV with Mn-silicate and
Mn-oxide peaks in the range of 1.2 eV to 1.1 eV. Curve fitting parameters

|13

for the Mn 2ps;, MnO spectrum are in agreement with Nesbit et al™* while

the metallic Mn peaks are curve fitted using a VVoigt-asymmetric line-shape.

5.3 O, catalysis on bimetallic Ru/Mn surfaces

The catalytic activity of bimetallic Ru/Mn surfaces towards O, was
investigated using XPS following a series of in-situ O, exposure and
thermal annealing treatments. For the purpose of clarity it should be noted
that the sample used in this experiment is schematically represented in
Figure 5.1(a). While previous studies have reported the use of Ru/Mn based

catalysts,**°

a fully in-situ ultra high vacuum experimental procedure has
not been used to study the fundamental mechanism of molecular O catalysis
on these surfaces. Ru substrate layers with a nominal thickness of 10 nm
were loaded into the UHV system and thermally degassed using the
procedure previously outlined in section 3.2. Photoemission core level
spectra taken from the degassed surface (not shown) showed no evidence of
O contamination within the O 1s and C 1s / Ru 3ds/, spectra, to within the

detection limit of XPS in agreement with previous results.* An ultra thin (~1

nm) metallic Mn layer was subsequently deposited onto the clean Ru
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surface using in-situ electron beam evaporation. The Mn 2p3;, spectrum
taken from the deposited Mn film is shown in Figure 5.2, while the
corresponding O 1s and Ru 3ds;, spectra are shown in Figure 5.3. It should
be noted that the Mn 2ps, and Ru 3ds, spectra taken following Mn
deposition are identical to corresponding spectra taken from Mn and Ru
reference materials (not shown). As such there is no evidence for the
formation of any inter-metallic phases between the Mn and Ru layers, in

agreement with Wojcik et al.*

89



MnO Shake-Up Metallic Mn

Mn 2p3/2_

- 500°C anneal

500°C anneal

Intensity / A.U.

] MnO (~2 nm) formed on
Ru following O, (180 L)

Mn (~1 nm) deposited on Ru LS

— 7T T T T T T T T T T T T 1
652 650 648 646 644 642 640 638 636 634

Binding Energy / eV

Figure 5.2 Non-normalised and curve fitted ¥ Mn 2ps;» XPS spectra taken following the
deposition of a ~2 nm Mn film onto Ru and subsequent O, exposure and thermal annealing
treatments. Spectra show the formation of metallic Mn and sub-stoichiometric Mn
following 500 °C annealing, attributed to MnO dissociation. (BE positions in Mn 2p —
metallic Mn = 638.1 eV, MnO shake-up = 645.2 eV). All peak fitting parameters included

in Appendix A.

The interaction of the Ru/Mn surface with molecular O was subsequently
investigated through controlled exposure to O, at a partial pressure of ~1 x
107 mbar for 30 minutes, amounting to a total O, exposure of 180
Langmuirs (180 L). It should be noted that the impact of Ru on the rate of O

adsorption on the Mn surface was not investigated as part of this study. The
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curve fitted XPS Mn 2p3, spectrum taken following O, exposure is shown
in Figure 5.2. The spectrum shows the complete oxidation of the Mn film as
evidenced by the removal of the metallic Mn component peak at ~638 eV
binding energy (BE). The Mn-oxide species formed following O, exposure
was identified as Mn monoxide (MnQ) based on the Mn 2ps, curve fitting
analysis procedure outlined previously.*® However, it should be noted that
the morphology of the corresponding Ru 3ds/, spectrum in Figure 5.3 shows
no change in spectral profile following O, exposure suggesting no Ru
oxidation occurred on the Ru/Mn surface within the detection limit of XPS.
These results are in agreement with the corresponding O 1s spectrum in
Figure 5.3 which shows the formation of a single component peak at 530.0
eV binding energy (BE) attributed to MnO, as previously reported.*** It
should be noted that the morphology and continuity of the Mn layer was not
measured following deposition onto the Ru surface. Therefore, while there
is no evidence of Ru oxidation following O, exposure, it cannot be stated
conclusively that O, dissociation did not occur on “uncovered” areas of the
Ru surface. Previous studies'® have shown that MnO is formed through the
dissociative chemisorption of oxygen on Mn surfaces and as such it is
suggested that this is the primary mechanism for O, dissociation on the

bimetallic Ru/Mn surface.
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Figure 5.3 Non-normalised and curve fitted O 1s and Ru 3ds,, XPS spectra corresponding
to Figure 5.1. MnO dissociation following 500 °C annealing is shown by a reduction in the
integrated area of relevant O 1s MnO component peak, which results in a corresponding
change in the attenuation of the Ru 3ds, peak. For the purpose of image clarity the intensity
of each of the Ru 3ds, spectra are magnified by a factor of 1.6. (BE positions in O 1s —
MnOx = 531.1 eV, MnO = 530.1 eV; BE positions in Ru 3ds;, — Ru metal = 280.6 eV). All

peak fitting parameters included in Appendix A.

The thermodynamic stability of MnO chemisorbed on Ru/Mn surfaces was
subsequently investigated using a series of high temperature in-situ UHV
annealing treatments. The Mn 2ps, spectrum in Figure 5.2 taken following
500 °C annealing shows the re-emergence of a metallic Mn component peak

at ~638 eV along with a reduction in the intensity of the MnO shake-up
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feature at ~645.5 eV.* These results suggest that 500 °C annealing resulted
in the dissociation of MnO on the Ru/Mn surface leading to the formation of
metallic Mn along with a sub-stoichiometric Mn-oxide species labelled
MnOy (where x < 1). The corresponding O 1s spectrum in Figure 5.3 is
consistent with these findings, showing a 50 % reduction in the integrated
area of the MnO component peak along with the formation of an additional
component peak at ~531 eV BE attributed to the MnOy species. As stated
previously, the focus of this study is to determine if the presence of Ru
impacts upon catalytic activity by changing the thermodynamic stability of
the chemisorbed MnO species on the Ru/Mn surface. Therefore, it is
important to note that the thermal dissociation of MnO on Ru/Mn surfaces
following 500 °C annealing is in contrast to results taken from a MnO
control sample which showed no evidence of MnO dissociation following
700 °C annealing in the absence of Ru. As such it is suggested that the
presence of Ru acts to “weaken” the Mn-O bond and reduce the MnO
dissociation barrier, hence increasing the catalytic activity of the surface.'’
It should also be noted that the peak profile of the Mn 2p spectrum taken
from the MnO control layer was the same as that taken from the ~2 nm
MnO layer in Figure 5.2 and as such spectra from the control sample are not

shown in this study.
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XPS spectra taken following a further series of O, exposure and thermal
annealing treatments, shown in Figure 5.2 and Figure 5.3, confirm this
result. These spectra show the oxidation of metallic Mn on the Ru/Mn
surface following a second O, exposure (180 L) as evidenced by the
reduction of the metallic Mn component peak in the Mn 2ps/, spectrum and
a corresponding increase in the integrated area of the O 1s MnO component
peak. However, spectra taken following a subsequent 500 °C thermal anneal
again show the re-emergence of the metallic Mn component in Figure 5.2
along with a concurrent reduction in the O 1s MnO peak area, suggesting
that the dissociation of MnO on Ru/Mn surfaces at 500 °C is a repeatable

process.

Reduction of the MnO dissociation energy on the Ru/Mn surface is in
agreement with previous studies™** which have shown that catalytic activity
can be increased through the alloying of transition metals. However, as
stated previously, the mechanism for oxygen catalysis on bimetallic surfaces
has not been conclusively understood within the literature.® One suggested
mechanism for this process is that strain caused by combining metals with
different lattice constants alters the electronic structure of the metal surface
leading to changes in adsorbate dissociation energy.™? Therefore, based on
this theory, oxygen catalysis on bimetallic surfaces is not induced through

chemical changes in both surface metals. The Ru 3ds/, spectra in Figure 5.3
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provide experimental evidence in agreement with this as the spectra show
no evidence of chemical change within the Ru layer during the experiment.
It should be noted that while reaction kinetics were not investigated as part
of this study, the XPS spectra in Figure 5.3 clearly show that the Ru is
present in a metallic state when the Ru/Mn surface returns to a state of
thermodynamic equilibrium following thermal annealing. These results do
not preclude the formation of Ru based intermediate chemical species
during the MnO dissociation process. As such, further study is required to
conclusively determine the mechanism by which Ru reduces the
dissociation energy of MnO. It should also be noted that the O 1s spectra in
Figure 5.3 show a reduction in total peak area equal to 30 % following the
first 500 °C anneal, suggesting that the presence of Ru reduces the barrier to
oxygen desorption from the Ru/Mn surface following MnO dissociation.
While Deng et al ’ have previously reported the thermal desorption of O,
from catalytic gold surfaces, the chemical or electronic state of the O
desorbed from the Ru/Mn surface during MnO dissociation has not been

determined as part of this study.

As stated previously, two of the limiting factors for the formation of
reaction products in heterogeneous gas catalysis experiments are the rate of
gas dissociation on the catalyst surface and the thermodynamic stability of

the intermediate species dissociatively chemisorbed on the catalyst surface.
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Therefore, it should be noted that the results of this study show that Ru/Mn
surfaces offer a high rate of O, dissociation in addition to the ability to
reduce the dissociation energy of chemisorbed MnO in the presence of Ru.
As such, while specific applications for bimetallic Ru/Mn catalytic surfaces
are not investigated as part of this study, it may be suggested that these
surfaces offer an interesting material system for potential applications in

heterogeneous gas catalysis.
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5.4 Impact of Ru catalysis on the thermodynamic stability of preformed
Mn-O based barrier layers

The thermodynamic stability of preformed Mn-O based Cu diffusion barrier
layers in contact with Ru liners was investigated in two separate
experiments. In the first experiment a mixed phase MnSiO3/MnQO barrier
with a thickness of ~5 nm which was formed on a SiO, surface following
500 °C annealing.™* Following barrier formation a Ru layer (~2 nm) was
deposited onto the MnSiO3/MnO surface, as represented schematically in
Figure 5.1(b). Figure 5.4 shows O 1s and Si 2p spectra taken from the
surface before and after barrier layer formation. The curve-fitted O 1s
spectrum shows clear evidence for the presence of both MnSiO3; and MnO
within the barrier layer region as evidenced by the presence of component

peaks at 531.4 eV and 530.0 eV BE respectively, as previously reported.**

The corresponding Si 2p spectrum is consistent with this analysis, showing
the presence of a MnSiO3 component peak separated from the SiO,
component by 1.3 eV, in agreement with previous studies.***® Non-curve
fitted Mn 2p3, spectra taken from the MnSiO3/MnO surface are shown in
Figure 5.5. As described earlier, curve fitting parameters have not been
established for Mn 2p spectra taken from MnSiO; surfaces, however, based
on the non-curve fitted data in Figure 5.5 it can be clearly stated that there is

no metallic Mn present on the surface following barrier layer formation.

97



Therefore, using combined analysis of the O 1s, Si 2p and Mn 2p spectra,
the chemical composition of the MnSiO3/MnO layer was determined.
Angular dependent spectra taken from the surface suggest that the MnO
layer was surface localised with respect to the MnSiOg3. This is attributed to
the interaction of deposited MnO with the underlying SiO, forming MnSiO3;
at the “buried” interface,™ resulting in the presence of residual un-reacted

MnO on the barrier layer surface.

An ultra-thin (~2 nm) Ru film was subsequently deposited on the
MnO/MnSiO; surface using in-situ electron beam evaporation and the
corresponding spectra are shown in Figure 5.4 and Figure 5.5. It should be
noted that the corresponding Ru 3d spectra (not shown) had an identical
spectral profile to those shown in Figure 5.3 indicating that the deposited Ru
film was in a metallic state. The O 1s spectrum in Figure 5.4 shows no
changes in spectral profile following Ru deposition, while the corresponding
Si 2p spectrum shows no change in the relative intensities of the SiO»,
MnSiO; and Si° component peaks. As such, results show no evidence of
changes in chemical composition at the Ru/MnO/MnSiO;3; interface

following room temperature deposition.
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Figure 5.4 Normalised and curve fitted O 1s and Si 2p XPS spectra showing the interaction

of Ru (~2 nm) with a mixed phase MnO/MnSiOj; barrier layer (~5 nm). O 1s spectra show

the dissociation of MnO within the barrier layer following interaction within Ru at 500 °C.

(BE positions in O 1s — SiO, = 532.7 eV, MnSiO; = 531.5 eV, MnO = 530.1 eV, BE

positions in Si 2p — SiO, = 103.8 eV, MnSiO; = 102.2 eV, Si° = 99.3 eV). All peak fitting

parameters included in Appendix A.

It should be noted that changes in the BE separation between the Si 2p
substrate component (Si%) and the SiO, component are observed in Figure
5.4 following the formation of MnSiO3 on the SiO, surface. It has been
I 19

shown by Iwata et al ™ that this BE separation value may be increased as a

function of increasing SiO, thickness, due to the build-up of surface
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electronic charge during the photoemission process. Therefore, the
reduction in BE separation observed in Figure 5.4 is attributed to a reduction
in SiO; thickness as a function of MnSiO3 growth, as previously reported by
Casey et al.'* A similar effect is also observed in the Si 2p spectrum in
Figure 5.4 following Ru deposition onto the barrier layer surface and this
change is again attributed to changes in surface electron charge in
agreement with Ofner et al.®® The affects of surface charging are
accommodated for during the peak fitting process by linking the BE position
of the Mn-silicate component to that of the SiO, component, using a BE

separation of 1.4 eV in agreement with previous studies.*®

The sample was subsequently annealed to 500 °C in order to determine if
the presence of Ru impacted upon the thermodynamic stability of the barrier
layer. The O 1s spectrum in Figure 5.4 shows a significant reduction in the
intensity of the MnO component peak following 500 °C thermal annealing,
while the corresponding Mn 2p spectrum also shows a concurrent growth of
the metallic Mn component peak. Based on these results, it is suggested that
the presence of Ru on the surface of MnO/MnSiOg; barrier layers results in
the dissociation of MnO and the formation of metallic Mn. The
corresponding Ru 3d spectra taken from the Ru/MnO/MnSiO;3 surface (not
shown) again showed no evidence of any changes in the chemical

composition of the Ru layer, in agreement with the results in Figure 5.3. It
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should be noted that while the O 1s spectra in Figure 5.4 show clear
evidence for MnO dissociation following 500 °C annealing, there is no
conclusive evidence for the dissociation of MnSiO3 within the mixed phase
barrier. However, given that XPS results suggest that the MnO was surface
localised with respect to the MnSiO3; within the barrier layer it may be
suggested that the deposited Ru was not in direct contact with the MnSiO3

species.
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Figure 5.5 Normalised and non-curve fitted Mn 2ps;, XPS spectra corresponding to Figure
5.3. Spectra show the formation of metallic Mn following MnO dissociation at 500 °C. (BE

positions in Mn 2p; metallic Mn = 638.1 eV, MnSiO3/MnO = 641.1 eV).
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Therefore, in a separate experiment the impact of a Ru liner layer on the
chemical composition of a single phase MnSiO3 barrier layer was also
investigated, with this sample being represented schematically in Figure
5.1(c). Figure 5.6 and Figure 5.7 show XPS spectra taken from an MnSiO3
layer with an approximate thickness of ~5 nm formed on SiO, following
500 °C anneal. The O 1s spectrum in Figure 5.6 taken following MnSiO3
formation shows no evidence for Mn-oxide (530.1 eV) while the
corresponding Mn 2p spectrum shows no evidence for the presence of
metallic Mn (638.2 eV) within the barrier layer region. Following MnSiO3
formation a ~2 nm Ru layer was deposited onto the surface and thermally
annealed to 500 °C, with all relevant spectra being shown in Figure 5.6 and
Figure 5.7. It can be seen from the Mn 2p spectra in Figure 5.7 that 500 °C
annealing results in the formation of metallic Mn within the MnSiOj3 barrier
layer. In agreement with this, the corresponding Si 2p and O 1s spectra in
Figure 5.6 show a concurrent reduction in the intensity of the MnSiO;
component peaks, observable as a slight change in the intensity ratio
between the SiO, and MnSiO3; component peaks in both spectra. Based on
these results it is suggested that the presence of Ru facilitates the
dissociation of MnSiO3 following 500 °C annealing, impacting upon the
thermodynamic stability of the barrier layers. However, it should be noted
that the extent of Mn metal formation seen following MnSiO3 dissociation

seen in Figure 5.7 is considerably less than that seen following MnO
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dissociation in Figure 5.2 and Figure 5.5. As such, it may be suggested that
while the presence of Ru impacts upon the chemical composition of both
MnO and MnSiOs, the MnSiO3 barrier layer has comparatively higher

thermodynamic stability in the presence of Ru liner layers.
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Figure 5.6 Normalised and curve fitted O 1s and Si 2p XPS spectra showing the
interaction of Ru (~2 nm) with a single phase MnSiO; barrier layer (~5 nm). (BE positions
in O 1s — Si0, = 532.8 eV, MnSiO; = 531.5 eV; BE positions in Si 2p — SiO, = 103.8 eV,

MnSiO; = 102.2 eV, Si® = 99.3 eV). All peak fitting parameters included in Appendix A.

Based on the results of the three separate experiments performed in this
study it can be stated that Ru acts to change the chemical composition of

both MnSiO3z and MnO barrier layers by reducing the dissociation energy of
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Mn-O bonds and reducing the O desorption energy on these surfaces.
Therefore, it is suggested that these conductive liner layers are not
chemically inert at the liner/barrier interface, a result which may have
significant implications on the use of Ru/Mn based barrier layers. In
particular, the dissociation of both MnO and MnSiQOj; in the presence of Ru
may act to degrade the Cu diffusion barrier properties of these layers which
is of significant importance given that the physical thickness of the barrier
layer will need to be reduced to below 2 nm for the 16 nm technology
node.?! Furthermore, the upward diffusion of O released from the barrier
layer during this dissociation process may also impact upon the resistivity of

the overlying Cu interconnect.
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Figure 5.7 Normalised and non-curve fitted Mn 2ps;, XPS spectra corresponding to Figure
5.5. The Mn 2p3, spectrum taken following 500 °C annealing in the presence of Ru has
been overlaid with the Mn 2p3/, spectrum taken from the MnSiO; barrier layer (solid line)
in order to clearly show the formation of metallic Mn in the absence of relevant curve

fitting parameters. (BE positions in Mn 2p; metallic Mn = 638.1 eV, MnSiO; = 641.1 eV).

105



5.5 Conclusions

In the first section of this chapter the catalytic activity of bimetallic Ru/Mn
surfaces towards O, was investigated using a fully in-situ UHV
experimental procedure, for the first time within the literature. XPS analysis
performed following a controlled UHV O, exposure of 180 L showed that
O, is dissociatively chemisorbed on the Ru/Mn surface to form MnO.
Subsequent thermal annealing resulted in the dissociation of MnO as
evidenced by the formation of metallic Mn along with evidence for the
desorption of O from the Ru/Mn surface. The dissociation of MnO at this
temperature is in contrast to results taken from MnO control samples and as
such it is suggested that the presence of Ru catalytically reduces the
dissociation energy of MnO and the oxygen desorption energy. XPS spectra
show no evidence of chemical changes in the Ru 3d spectra as a function of
MnO dissociation, offering experimental evidence in agreement with the
proposed mechanism for O catalysis on bimetallic surfaces. The second
section of this chapter investigated the impact of Ru catalysis on the
chemical composition and thermodynamic stability of preformed Mn-O
based Cu diffusion barrier layers. It has been shown that the presence of Ru
liner layers results in the partial dissociation of both MnO and MnSiO;
barrier layers on SiO, surfaces following a 500 °C thermal anneal. This
result is again attributed to the catalytic activity of Ru/Mn surfaces reducing

the dissociation energy of Mn-O bonds within the barrier layer region. It
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should be noted that the thermodynamic stability of the MnSiO3 layers in

the presence of Ru was higher than that of the MnO layers.
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Chapter 6

Photoemission studies of silicon referencing, chemical
modification of carbon doped oxide surfaces for Mn-silicate

formation, and Ru interactions on low-k surfaces

6.1 Introduction

While the majority of studies to date have focused on the formation of
MnSiO; barrier layers on SiO, surfaces,™™ the growth of Mn-based barrier
layers on ultralow dielectric constant (ULK) materials has also been the
subject of some interest.>™ ULK materials are being developed in an effort
to address resistance-capacitance (RC) delay problems associated with
current dielectrics.® The introduction of carbon into SiO; in the form of Si-
CHjs bonds, forms the basis for one dielectric material system thought to be
most compatible with modern device fabrication processes. The reduced
polarity of this bonding structure and the introduction of voids within the
carbon doped oxide (CDO), acts to reduce the dielectric constant of the
substrate, thereby improving the RC time delay of the interconnect. The
formation of barrier layers on these surfaces is essential if they are to be
adopted by the industry. It will be shown in section 6.3 of this chapter that
the chemical identification of Mn-silicate by XPS on CDO dielectric

materials is extremely difficult as the binding energy positions of the
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oxidised Si 2p in MnSiO3z and in CDO are almost identical (~103.3 eV). As
such, alternative identification methods of MnSiO3 on these surfaces will be
investigated. In section 6.4 of this chapter the surface modification of CDO
substrates by oxygen treatment will be analysed as a means of altering the
chemical environment of the surface for the subsequent formation of Mn-
based barrier layers. Finally, section 6.5 investigates the chemical
interactions of deposited Ru with Mn-based barrier layers on industrially

relevant carbon doped oxide dielectric surfaces.

6.2 Experimental details

The CDO samples studied in this work varied in carbon content from 14%
to 48% and were degassed up to ~300 °C for 4 hours following insertion
into the UHV chamber of base pressure ~1 x 10 mbar. The samples had no
associated porosity. Atomic oxygen was used to treat the surface of the
CDO samples by passing molecular oxygen through a cracker at 60 V.
Hydrochloric acid (HCL) etched Mn chips (~99.9% purity) were used as a
source material for the deposition of Mn thin films using an Oxford Applied
Research EGC04 mini electron-beam evaporator. The chamber pressure
during Mn deposition was 1 x 10® mbar. Fully oxidised Mn-oxide thin films
were deposited through the simultaneous deposition of Mn in an O, partial
pressure of ~5 x 10® mbar. Room temperature e-beam evaporation of

silicon was performed using a Si source material of 99.9 % purity, at a
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deposition pressure of ~5 x 10”° mbar. The XPS analysis was carried out
using a VG Microtech electron spectrometer at a base pressure of ~1 x 10
mbar as described in section 3.2. The XPS core level spectra of the O 1s, Si
2p and C 1s were curve fitted using Voigt profiles composed of Gaussian
and Lorentzian line shapes in a 3:1 ratio and using a Shirley-Sherwood type
background. The full width at half maximum (FWHM) of the Si 2p CDO
substrate peaks varied between 1.4 eV and 1.8 eV, with a Mn-silicate
component peak of 1.5 eV. The FWHM of the O 1s CDO component was
1.5 eV with Mn-silicate and Mn-oxide peaks in the range of 1.4 eV to 1.6
eV. The FWHM of the C 1s CDO component was 1.3 eV with a Mn-carbide
peak of 1.2 eV. The FWHM of the Si 2p bulk peak was 0.9 eV, with SiO,
and Mn-silicate component peaks in the range 1.1 eV to 1.2 eV. The
FWHM of the O 1s SiO, component was 1.2 eV with Mn silicate and Mn
oxide peaks in the range of 1.1 eV to 1.2 eV. All curve fitting analysis
presented in this study was performed using AAnalyzer curve fitting
software program. It should be noted that curve fitting of the Mn 2p
spectrum could not be performed given that XPS ghost peaks emanating
from the Mn 2py, are present within the peak profile of the Mn 2pss
component. As such, only non-curve fitted Mn 2p spectra are included in
this study. As outlined in section 3.3 the Mn 2p spectra 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
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identify the presence of differing oxidised Mn species such as Mn-silicate

and Mn-oxide.

6.3 Photoemission study of Si referencing of carbon doped oxide materials

Electrically insulating materials are prone to surface charging during XPS
measurements. The mechanism for this charging effect involves the
accumulation of a positive charge on the surface of the sample as a result of
x-ray irradiation, which acts to reduce the Kkinetic energy of emitted
photoelectrons. As a result, the observed peaks in spectra obtained from
such samples appear at higher binding energy positions than they would in
the absence of sample charging. Traditionally, a low energy electron flood
gun is used to replace emitted electrons and reduce surface charging effects.
A slight overcompensation is normally used, setting up an equilibrium state
with peaks in the spectrum shifted to lower binding energy. The peaks are
then subsequently shifted back to a set internal standard such as adventitious
carbon or a known species in that particular sample. However, in the case of
CDO the C1s spectra cannot be used as an internal reference as the carbon
within the substrates may be in one or more different chemical states. As
such, the precise binding energy positions of materials in CDO substrates
are difficult to accurately determine. In this section, XPS is used to
systematically investigate a number of CDO substrates of varying carbon

content and porosity. In situ e-beam evaporation of Si and Mn-oxide is
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utilized to chemically reference the binding energy positions of the Si 2p
and O 1s core level spectra for the various CDO substrates. Following the
completion of chemical referencing studies, the same set of CDO samples
were used as substrates for the subsequent deposition and attempted

formation of Mn-based barrier layers.

Figure 6.1 shows the Si 2p spectra after the deposition of Si from the e-
beam evaporator on four different carbon doped oxide surfaces of varying
carbon content. The Si was deposited in order to accurately determine the
binding energy positions of the Si 2p for each of the dielectric materials. As
stated, surface charging on insulating substrates such as CDO surfaces poses
a problem when attempting to determine the binding energy positions of the
emergent peaks. As the binding energy position of Si° is well known, it acts
as an ideal reference material to establish the peak positions of the different
carbon content CDO substrates. Fixing the BE position of the deposited Si°
peak to the well known BE position of 99.3 eV in Figure 6.1 indicates the Si
2p substrate peak systematically decreases in BE with increasing carbon
content consistent with a reduction in the dielectric polarity. The highest
carbon content ‘CDO 48’ Si 2p peak emerges at a binding energy position
of ~1.5 eV closer to the Si° peak than that of a reference SiO, layer. It
should be noted that although the CDO Si 2p spectra are fitted with one

peak, it is likely there are multiple overlapping peaks representing the
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different chemical environments of the substrate Si. The CDO samples used
in these experiments were acquired externally and as such the exact bonding
structure is unknown. Table 6.1 shows the carbon content, Si 2p and O 1s
binding energy positions obtained from the four CDO substrates after Si

referencing.
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Figure 6.1 Si 2p spectra taken from Si deposited on multiple carbon doped oxide surfaces
showing substrate shift to LBE with increasing carbon content. Silicate was formed on SiO,
by depositing ~1 nm Mn on SiO, followed by an anneal at 400 °C. (BE positions in Si 2p —
deposited Si = 99.3 eV, Mn-Silicate = 102.3 eV, CDO 19 = 103.3 eV, CDO 27 = 103.2 eV,
CDO 34 = 1025 eV, CDO 48 = 102.4 eV). All peak fitting parameters included in

Appendix A.
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Substrate

CDO 8 8% 103.42 532.81
CDO 14 14% 103.64 532.53
CDO 19 (Black diamond 2) 19% 103.34 532.47
CDO 34 34% 102.52 532.22
CDO 48 48% 102.38 532.13

Table 6.1 Si 2p and O 1s binding energy referencing for various carbon doped oxide
substrates.

For direct comparison, Figure 6.2 shows the Si 2p spectra of the highest
carbon content ‘CDO 48’, MnSiO3 and SiO,. It can be clearly seen that the
binding energy position of the ‘CDO 48 (~102.38 eV) is almost
indistinguishable from that of MnSiO3. The proximity of CDO Si 2p peaks
to MnSiO; makes the identification of MnSiO3; on these substrates very
difficult to identify using this peak due to the resolution limits imposed by

non-monochromated XPS. In previous studies the Si 2p peak was the
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primary identifier of MnSiO3, however as this peak is no longer useful in
this regard, an attempt was made to use the binding energy positions of the

O 1s and the Mn 2p core levels to identify the presence of silicate.
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Figure 6.2 Curve fitted Si 2p spectra taken from 5 nm SiO,, MnSiOz on 5 nm SiO, and as
received ‘CDO 48’ highlighting the difficulty in confirming silicate formation on a high
carbon content CDO surface. (BE positions in Si 2p — deposited Si = 99.3 eV, SiO, = 103.8
eV, Mn-Silicate = 102.3 eV, CDO 48 = 102.4 eV). All peak fitting parameters included in
Appendix A.

Figure 6.3 shows the O 1s spectra for the four different CDO substrates after

the controlled deposition of ~2 nm of MnO. The fully oxidised nature of the

deposited MnO film on the different CDO’s is apparent from the Mn 2p
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spectra shown in Figure 6.4. As such, the MnO deposition enables binding
energy referencing of the O 1s signal emerging from the dielectric substrate.
It can be seen that the O 1s substrate peak appears at LBE with increasing
carbon content, an effect also seen in the Si 2p as previosuly stated. The
appearance of a small peak situated between the MnO and CDO O 1s peaks
should be noted, providing limited evidence for the growth of Mn-silicate.
Although this additional peak is in the correct region for Mn-silicate,
stronger evidence would be required to conclusively determine the presence
of this chemical state.
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Figure 6.3 Curve fitted O 1s spectra taken from MnO deposited on multiple carbon doped

oxide surfaces showing a similar shift to LBE with increasing carbon content as observed in
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Figure 6.1. There is a 1.2 eV binding energy separation between MnO and MnSiOs.

Binding energy positions outlined in table 6.1.
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Figure 6.4 Mn 2p spectra of Mn oxide deposited on various substrates. Spectra show the

reproducibility of deposited Mn oxide across multiple samples and can be used as a

chemical reference within O 1s spectra. (BE position in Mn 2p MnO peak = 641.1 eV)

Previous studies have shown that the growth of Mn-silicate on Si based

oxides require thermal treatment after the deposition of Mn. Figure 6.5

shows the O 1s spectra for ~2 nm of MnO deposited on SiO, followed by

subsequent annealing to 400 °C for 1 hour. The growth of a significant peak

1.38 eV on the HBE side of the MnO peak is identified as MnSiO3, which is
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supported by a concurrent peak in the Si 2p (not shown). This separation of
1.38 eV between the known MnO peak and MnSiO3z provides a good
reference for identifying MnSiOj3 on the various CDO substrates. Figure 6.6
shows the four ~2 nm MnO/CDO samples mentioned above following
thermal annealing treatment at 400 °C for 1 hour. As in the MnO/SiO;
system, there is clear evidence for the growth of a peak between the CDO
substrate and the deposited MnO layer. The same fitting parameters and
binding energy separations were used in all cases strongly suggesting that

the additional peak emerges from MnSiOg3 on all of the CDO surfaces.

MnSi

SiOz‘ | 3 Mn oxide
| | I ‘ | —T ‘ | I |
| O7s
400 °C anneal
1Hr
2 nm
MnO dep
5.4 nm SiO, H 1.38 eV
degassed
v T v T T T :' —— T T T T T
540 538 536 534 532 530 528 526

Binding Energy (eV)

Figure 6.5 Curve fitted O 1s spectra showing Mn silicate growth on SiO, after thermal
anneal. (BE positions in O 1s — Mn-oxide = 530.1 eV, MnSiO; = 531.5 eV, SiO, = 533.0

eV). All peak fitting parameters included in Appendix A.
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Figure 6.6 Curve fitted O1s spectra highlighting possible Mn-silicate formation on CDO
substrates of varying carbon content after 400 °C anneal. (BE positions in O 1s — MnO =
530.1 eV, MnSiO; = 531.5 eV, CDO 8 = 533.2 eV, CDO 14 = 532.5 eV, CDO 19 = 532.5
eV, CDO 34 = 532.2 eV, CDO 48 = 532.1 eV. All peak fitting parameters included in
Appendix A.

The Mn 2p spectra shown in Figure 6.7 indicates the difference in peak
profile between MnO and MnSiOj3. The presence of a feature at ~647 eV is
indicative of MnSiO3, which was obtained from the well established
MnSiO3 phase on a reference SiO, sample. The same ‘silicate identifying’
feature appears on all the MnO/CDO samples after 400 °C. Although Mn-
silicate cannot be identified from the Si 2p on CDO substrates, careful

analyses of the both O 1s and Mn 2p provides an alternative method of
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identification. It should also be noted that throughout the course of all
experiments the C 1s spectra shows very little evidence for Mn-carbide
formation, as seen in Figure 6.8. This is in agreement with previous studies
which used MnO to minimize carbide formation on CDO substrates.** The
inability to analyse the Si 2p spectra for these chemical interactions makes it
difficult to definitively state that silicate formation is occurring. However,
there is sufficient evidence to warrant further investigation by
complementary characterization techniques which have the capability to

uniquely identify compound formation such as EXAFS.
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Figure 6.7 Mn 2p spectra highlighting possible silicate formation on high carbon content

CDO. Mn 2p spectra comparing Mn silicate growth on SiO, with possible silicate

formation on high carbon content CDO.
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Figure 6.8 C 1s spectra taken all studied samples showing little evidence of Mn carbide
formation.

6.4 Oxygen modification of carbon doped oxide surfaces for Mn-silicate
barrier formation

It has been shown by Casey et al. that the formation of a Mn-based barrier
layer on a CDO dielectric substrate can result in the formation of Mn-
carbide species due to the presence of carbon at the surface.’® The presence
of Mn-carbide in the barrier layer region is undesirable as it complicates the
interface chemistry and acts as a source of uncertainty. As such, a dielectric
surface with minimal carbon provides a more suitable substrate for the

subsequent formation of a Mn-based barrier layer — limiting the production
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of Mn-carbide. Additionally, the removal of carbon by oxygen treatment has
the added benefit of providing increased surface oxygen to facilitate the
growth of MnSiOs. It has been shown in section 6.3 that the chemical
identification of Mn-silicate by XPS on CDO dielectric materials is
extremely difficult as the binding energy positions of the Si 2p for MnSiO3;
and CDO are almost identical (~103.3 eV). As such, the Si 2p peaks for
both CDO and Mn-silicate cannot be devolved by conventional peak fitting
analysis and therefore the presence of Mn-silicate cannot be conclusively
determined on this substrate. Another benefit of removing carbon and
adding oxygen to the CDO dielectric surface is that Si in a more oxygen rich
environment has a HBE Si 2p peak than that of Si in a carbon environment.
As such, the Si 2p signal emerging from a modified ‘oxygen rich’ CDO
surface will have a shifted binding energy position to that of the untreated
surface thereby increasing the binding energy separation between the
MnSiO3 and the substrate. The advantage of this process is that the MnSiO3
could then be identified by XPS as the peaks are sufficiently resolvable.
This study will aim to address two core issues associated with the formation
of MnSiO3; on CDO surfaces; (1) Investigate the potential of cracked oxygen
treatment to reduce the surface carbon content while minimising the damage
caused to the dielectric material (2) To ascertain the potential for a modified
CDO surface to facilitate the identification of MnSiO3; by XPS. It should

also be noted that the reduction of carbon from dielectric surfaces has been
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performed by other methods such as oxygen plasma treatment, however
significant damage to the dielectric has been reported resulting in the
degradation of the dielectric constant of the material. The cracked oxygen
treatment used in this study is much less reactive than plasma treatments
thereby limiting any carbon reduction to the surface of the substrate and

maintaining the dielectric integrity.*

The XPS survey scans shown in Figure 6.9 indicate the change in relative
elemental concentrations at the carbon doped oxide dielectric surface as a
result of increasing exposure to cracked oxygen. The precise concentrations
of Si, C and O were calculated using the integrated area of the Si 2p, C 1s
and O 1s XPS peaks respectively. It can be seen that the carbon
concentration of the CDO 48 sample was reduced from 44% to 29% after
exposure to ~5400 Langmuir of cracked O,. Additionally, a significant
increase in the surface O signal (36% to 59%) was also evident suggesting

that O effectively replaced C at the surface.
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Figure 6.9 XPS survey scans taken from the CDO 48 surface before and after exposure to

cracked oxygen, showing the systematic reduction in surface carbon.

It should be noted that although the relative concentration of Si remained
constant throughout the experiment, the position of the Si 2p peak appears
to shift to HBE as seen in Figure 6.10, which is consistent with a change in
the chemical environment of the Si at the surface. The native CDO 48 Si 2p
peak consists of contributions from a combination of Si-O and Si-C bonds.
As the electronegativity of O is higher than that of C, Si in an oxygen
environment will tend to appear at higher binding energy than Si in a carbon

containing environment. As such, the chemical shift of the Si 2p to HBE is
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consistent with the increased presence of oxygen at the surface. It should be
noted that the most oxygen rich environment that Si can attain is that of
SiO, which has a Si 2p binding energy position of 104.3 eV. The O 1s
spectra seen in Figure 6.10 also shifts to HBE as a function of exposure to

atomic ogygen.
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Figure 6.10 The evolution of the O 1s and Si 2p peaks as a result of increasing exposure to
cracked oxygen on CDO 48. Both peaks chemically shift to higher binding energy as the
surface carbon content is reduced. Binding energy of Si 2p shifts from 102.7 eV in the
untreated sample to 103.5 eV after 5445.47L of exposure. Binding energy of O 1s shifts

from 532.2 eV in the untreated sample to 533.1 eV after 5445.47L of exposure.

Following the final atomic oxygen exposure, approximately ~1 nm of Mn
was deposited by e-beam evaporation on the modified CDO 48 surface and

the Mn/CDO structure was subsequently annealed to 400 °C. It can be seen
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from the O 1s spectra in Figure 6.11 that a limited amount of Mn-oxide was
present on the surface upon deposition evidenced by a peak at a binding
energy position of 530 eV. The growth of additional peaks on the LBE side
of both the O 1s and oxidised Si 2p bulk signals as a result of thermal
annealing can be seen at binding energy positions of 531.5 eV and 102.3
eV, respectively. The concurrent growth of peaks at these binding energy
positions have previously been attributed to evidence of the formation of
MnSiOs.' The appearance of distinct MnSiO5 peaks on the modified CDO
48 surface are in contrast to the results presented in section 6.3 which
suggested that MnSiO3 may form on the untreated surface, but cannot be
identified as a result of overlapping peaks as illustrated by the untreated
CDO 48 reference peak marked in Figure 6.11. The atomic oxygen
modification in this study has ‘moved’ the substrate peaks sufficiently to
allow identification of a MnSiO3 phase in the Si 2p peak profile. Angular
resolved spectra with a take off angle of 45° reveal the surface localised

nature of the Mn-silicate with respect to the CDO substrate.
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Figure 6.11 O 1s and Si 2p peaks identifying the growth of MnSiO; on the modified CDO
48 dielectric surface. (BE positions in O 1s — MnSiO3 = 531.5 eV) All peak fitting

parameters included in Appendix A. Angle resolved scans taken at 45°.

Figure 6.12 shows the C 1s and Mn 2p spectra from the modified CDO 48
substrate before and after Mn deposition and the subsequent formation of
the MnSiOj layer. The growth of an additional peak on the LBE side of the
C 1s provides strong evidence for the formation of a limited quantity of Mn-
carbide as a result of the presence of residual surface carbon. Although the
carbon content was significantly reduced by the oxygen treatment process, it
was not completely removed. As such, the formation of Mn-carbide in this
manner is to be expected and has been reported previously.* It should be

noted that the formation of Mn-carbide on CDO surfaces can be
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significantly reduced by the deposition of oxidized Mn instead of metal
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Figure 6.12 C 1s and Mn 2p peaks showing the growth of a limited quantity of Mn-carbide
on CDO 48 after the deposition of MnO and subsequent annealing. Angular resolved

spectra also shown at 45° to normal emission increasing surface sensitivity.
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6.5 Chemical investigations of Ru interactions with Mn based barrier
layers and carbon doped oxide dielectrics

The focus of this section is to investigate the chemical interactions of Ru on
Mn-based barrier layers on both CDO 34 and CDO 48. The depth sensitivity
of the XPS exceeds the thickness of the deposited layers allowing signals
from the dielectric substrate to be detected. This ability to detect XPS
signals from the dielectric substrate provides an internal chemical reference
for the subsequent deposition of metal layers. However, the BE position of
the strongest Ru peak (Ru 3d) overlaps that of the substrate carbon peak
complicating the devolution of the C Is from the CDO and Ru 3d spectra.
As such, it was necessary to initially analyse the C 1s and Ru 3d peaks in
the absence of Mn in order to accurately determine their relative peak
positions. Approximately ~1 nm of Ru was deposited by in-situ e-beam
evaporation directly on the two different carbon doped oxide (CDO)
substrates in a UHV environment of base partial pressure of ~1x10” mbar
and the associated C 1s and Ru 3d core spectra are shown in Figure 6.13. It
can be seen from Figure 6.13 that the C 1s and Ru 3d3,; peaks from the CDO
substrate and the deposited Ru layer, respectively, overlap making the
spectra difficult to resolve. The fitting parameters for the C 1s peaks were
acquired from the CDO substrates before the deposition of Ru and remained
locked throughout the experiment with a FWHM value of 1.3 eV. Similarly,

the metal Ru 3d peak parameters were obtained from a clean 3 nm ALD
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metallic Ru film and kept locked at each experimental stage. The Ru 3d

peak was fitted using a Doniach-Sunjic line profile to allow for the

asymmetric nature of the metal peak.
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Figure 6.13 Ru 3d and C 1s spectra taken from a 3 nm metal Ru reference sample and a Ru

thin film on two different carbon doped oxide surfaces. (BE positions in Ru 3d — Ru metal

=280.0 eV, RuO2 =280.6 e¢V) All peak fitting parameters included in Appendix A.

The C 1s signals from both CDO samples arise on the higher binding energy

(HBE) side of the metal Ru 3ds, spectra with a BE separation to the metal

of ~0.30 eV and ~0.38 eV for CDO 34 and CDO 48, respectively. The

chemical state of the deposited Ru on the high carbon content CDO 48

surface was largely metallic (~95%), with the presence of a small peak
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separated from the metal by 0.7 eV on the HBE side associated with RuO,
in agreement with Stoch et al '* However, there is a significantly higher Ru-
oxide component peak in the Ru 3d peak profile following Ru deposition on
the high porosity CDO 34 sample after thermal anneal. This would indicate
evidence of a stronger chemical interaction between the Ru and the high
porosity substrate in comparison with the high carbon content sample. A
potential reason for this increased oxidation of the Ru may be due to the
intrinsic higher surface area of the porous substrate resulting in a greater
level of chemical interaction between the deposited Ru and the essentially
three-dimensional surface. The corresponding Si 2p spectra for both
substrates (not shown) do not change profile or peak position throughout the
experiment suggesting that the basic chemical structure of the substrate
remained unchanged by this interaction with the Ru overlayer. Likewise,
there is no discernable change in the carbon peak profiles for either CDO
substrate indicating no strong chemical interaction with the Ru other than
oxidation. These experimental findings can only be extracted from the data
by careful and consistent curve fitting, given the overlap between the C s

and Ru 3d3; peaks.

Although it is important to understand the basic chemical interactions of Ru

directly with CDO dielectric substrates and determine the relative binding

energy peak positions of the core level electrons, the introduction of a

135



copper diffusion barrier layer between the Ru liner and the dielectric is more
relevant from an industrial perspective. As such, in a separate experiment,
approximately ~1 nm of metal Mn was deposited by in-situ e-beam
evaporation on both CDO 34 And CDO 48 substrates in a UHV
environment and the Mn/CDO structure was subsequently thermally
annealed in an effort to produce a Mn-based copper diffusion barrier. It has
been reported that Mn interacts with dielectric materials to produce Mn-

12,10 . .
" The interaction

silicate which is an effective barrier to copper diffusion.
of Mn on these particular CDO dielectric substrates has been documented in
section 6.3, and as such this study will mainly focus on the subsequent
deposition and interaction of Ru on the Mn/CDO structures. Figure 6.14
shows the Si 2p, C 1s and Ru 3d spectra after Mn-barrier formation and the
subsequent Ru deposition on both CDO surfaces. The interaction of Mn
with the two CDO substrates results in the growth of a peak on the LBE side
of the C 1s associated with the formation of a Mn-carbide species. The ratio
of the area of the carbide peak to that of the substrate is greater in the higher
carbon content CDO 48 dielectric sample as may be expected. However,
precise quantitative analysis of the relative amount of carbide formation in
the two different CDO’s was not performed as the metal Mn thickness could
not be exactly reproduced in the two Mn depositions. In addition to Mn-

carbide formation, the growth of a peak on the LBE side of the Si 2p CDO

spectra suggests the release of Si from the substrates, an effect that has been
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documented'* and linked to the formation of Mn-silicate on the surface.

However, the unambiguous identification of Mn-silicate could not be

confirmed in this study due to the difficulty in resolving the Si 2p peaks as a

result of almost identical binding energy positions of the CDO and Mn-

silicate peaks. Figure 6.14 also shows the Si 2p, C 1s and Ru 3d spectra

after the deposition of approximately ~1 nm of Ru on the Mn/CDO

structure.
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Figure 6.14(a) Ru 3d, Cls and Si 2p spectra taken from a Ru/Mn barrier/liner bilayer

deposited on a high porosity carbon doped oxide surface. (BE position of Mn carbide ~283

eV).
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Figure 6.14(b) Ru 3d, Cls and Si 2p spectra taken from a thin Ru/Mn barrier/liner bilayer
deposited on a high carbon content carbon doped oxide surface. (BE positions in Ru 3d —
Ru metal = 280.0 eV, Mn carbide = 283.3 eV) All peak fitting parameters included in

Appendix A.

The absence of a Ru-oxide peak in the high porosity CDO 34 sample is in
contrast to the experiment where Ru was directly deposited on the dielectric
in the absence of Mn, indicating that the Mn interlayer is effective at
preventing the oxidation of the deposited Ru layer. The interaction of metal
Mn with high porosity CDO dielectrics may also increase the oxidation of
the Mn film, however this cannot be conclusively determined as the origin
of any Mn-oxide contribution in the Mn 2p spectra could be due to chamber
oxidation upon deposition which cannot be removed by thermal annealing

in the same manner as Ru-oxide. As such, it is difficult to separate the Mn
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oxide component which occurs as result of chamber oxidation and that
which is due to the interaction with the dielectric. Careful peak fitting
analysis indicates the metal Ru 3ds,, peak has a binding energy position of
284.2 eV, which is situated between the C 1s and the Mn-carbide peaks in
both CDO samples. There is some evidence that the area of the Mn-carbide
C 1s peak reduced relative to that of the CDO C 1s upon Ru deposition in
both samples. Given the complexity of the Ru 3d / C s spectrum further
analysis would be required to ascertain any potential reduction of the Mn-
carbide peak as a result of the interaction with Ru. It should be noted that
Ru has been reported to reduce Mn-oxide.'” The Si 2p spectra also indicates
the presence of small component peaks on the HBE side of the free Si
associated with the presence of Si sub oxides which occur as a result of the
interaction of Mn with the CDO substrates. The peak fitting parameters used
to fit the Ru 3ds, peak in Figure 6.14 (a) & (b) were identical to those
acquired from the metal Ru reference film. As such, there was no evidence
for the chemical interaction of the deposited Ru layer with any of the Mn
species, including Mn carbide. The apparent stability of metal Ru films on
Mn and oxidized Mn species is in agreement with Casey et. al,"”> however
these results suggest Ru is also chemically stable in the presence of the Mn-
carbide. The deposition of Si on CDO 34 and CDO 48 in the absence of Mn
and Ru was performed in a separate experiment showing a BE separation of

~3.5 eV between the bulk/free Si’ peak and the Si CDO substrate peaks,
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correlating to that seen in Figure 6.14 and confirming the peak seen at 99 eV

is free Si.

6.6 Conclusions

In summary, it has been shown that deposited Si can be used as an internal
reference to determine accurate binding energy positions for XPS peaks
from low-x substrates of various carbon concentrations. Binding energy
positions are otherwise difficult to determine on such substrates due to
surface charging. The correlation between carbon content and binding
energy position of the various substrates was seen within the Si 2p and O 1s
spectra. Evidence for Mn-silicate formation on high carbon content CDO’s
was provided by careful analysis of the O 1s and Mn 2p spectra, as opposed
to the usual method of analyzing the Si 2p. MnO was deposited and used as
a reference material for the O 1s spectrum and an accurate binding energy
position was achieved for the MnO in the O 1s. This approach produced
some further evidence of a MnSiOj3 peak in the O 1s. Although this peak
could still be another stoichiometry of MnO instead of a silicate, the Mn2p

peaks also suggest it is in a Mn-silicate form.

Additionally, the surface treatment of carbon doped oxide layers by
exposure to atomic oxygen has been demonstrated and investigated by XPS.

It has been shown that the simultaneous depletion of carbon and addition of
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oxygen at the dielectric surface modifies the chemical environment of the
CDO providing a more suitable substrate for MnSiOs; barrier layer
formation. The altered binding energy positions of the Si 2p and O 1s core
levels on the modified substrate enable the chemical identification of
MnSiO3z;, which is difficult on an untreated CDO surface due to peak

overlap.

Finally, the relative peak positions of the Ru 3ds,; and C 1s core level peaks
were accurately determined in two industrially relevant Ru liner/CDO
systems. The chemical, interactions of Ru layers with Mn-based barriers on
CDO surfaces were also investigated. It was shown that a high porosity
CDO surface appears to have an oxidizing effect on Ru liners. This
chemical interaction was inhibited by the prior deposition and annealing of a
thin Mn interlayer. Evidence for the metallic stability of Ru films on Mn

species, including Mn-carbide, was demonstrated.
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Chapter 7

Conclusions and future work

This thesis has focussed on issues related to the integration of Ru based
copper diffusion barrier layers for future generations of interconnects.

Details of the specific material systems are summarised below.

7.1 Mn and Mn oxide on 3 nm Ru thin films

Photoemission studies have shown that Mn can be diffused through a 3 nm
ALD Ru thin film following thermal annealing at temperatures lower than
500 °C. It has also been shown using XPS analysis that diffused Mn
interacts with the underlying SiO, dielectric substrate to form the Mn-
silicate species MnSiO3 which is known to be a barrier to Cu diffusion. The
EELS profile of the Mn elemental distribution across the Ru layer supports
this finding suggesting that Mn may be a suitable metal to ‘stuff’ the grain
boundaries of Ru films thereby improving the integrity of the film as a
barrier to Cu diffusion. It has also been shown that a thin deposited layer of
partially oxidized Mn on a 3 nm ALD Ru film results in the diffusion of Mn
through the Ru film and the subsequent formation of Mn-silicate at the
Ru/SiO; interface upon anneal. EDX and SIMS analysis indicate that Si is
released from the SiO, interface during the formation of interfacial silicate,

and the free Si diffuses upward through the Ru film. XPS analysis indicates
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the growth of a substantial quantity of Mn-silicate formed at both the
Ru/SiO; interface and within the Mn/MnOy deposited layer as a result of
this upward Si diffusion. These results have implications for the integration
of Ru/Mn layers into future interconnects in that the release of silicon from
the underlying dielectric layer as a result of silicate formation could have
detrimental consequences in terms of subsequent copper plating and
operational longevity. This issue would need to be addressed if Ru/Mn is to

be integrated into future devices.

7.2 Al on 3 nm Ru thin films

In a reference study, it has been shown that Al deposited on a 5.4 nm SiO,
film results in the formation of Al,O3 during thermal anneal which is
accompanied by the release of Si from the dielectric surface. In a separate
experiment Al was deposited on a 3nm ALD Ru film and annealed to
500 °C. It was shown that thermal annealing results in the diffusion of Al
through the liner layer and the subsequent chemical interaction with the
underlying SiO, dielectric substrate to form Al,Os3, Ru-silicide and Ru-oxide
at the Ru/SIO, interface. XPS analysis of the Si 2p also indicates the
concurrent release of Si from the SiO, dielectric layer. The chemical
interaction of Si with Ru has also been shown which may have possible

diffusion barrier layer applications.
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7.3 Oxygen Catalysis on Ruthenium/Manganese Surfaces

The catalytic activity of bimetallic Ru/Mn surfaces towards molecular
oxygen was investigated using a fully in-situ UHV experimental procedure,
for the first time within the literature. XPS analysis performed following a
controlled UHV O, exposure of 180 L showed that oxygen is dissociatively
chemisorbed on the Ru/Mn surface to form MnO. Subsequent thermal
annealing resulted in the dissociation of MnO as evidenced by the formation
of metallic Mn along with evidence for the desorption of oxygen from the
Ru/Mn surface. The dissociation of MnO at this temperature is in contrast to
results taken from MnQO control samples and as such it is suggested that the
presence of Ru catalytically reduces the dissociation energy of MnO and the
oxygen desorption energy. XPS spectra show no evidence of chemical
changes in the Ru 3d spectra as a function of MnO dissociation, offering
experimental evidence in agreement with the proposed mechanism for
oxygen catalysis on bimetallic surfaces. The impact of Ru catalysis on the
chemical composition and thermodynamic stability of preformed Mn-O
based copper diffusion barrier layers was also investigated and showed that
the presence of Ru layers results in the partial dissociation of both MnO and
MnSiOj; following a 500 °C thermal anneal. This result is again attributed to
the catalytic activity of Ru/Mn surfaces reducing the dissociation energy of

Mn-O bonds within the barrier layer region. However, it should also be
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noted that the thermodynamic stability of the MnSiOg layers in the presence

of Ru was higher than that of the MnO layers.

7.4 Ru/ Mn based barrier layers on carbon doped oxide surfaces

It has been shown that deposited Si can be used as an internal reference to
determine accurate binding energy positions for XPS peaks from low-k
substrates of various carbon concentrations. Binding energy positions are
otherwise difficult to determine on such substrates due to surface charging.
The correlation between carbon content and binding energy position of the
various substrates was seen within the Si 2p and O 1s spectra. Evidence for
Mn-silicate formation on high carbon content CDO’s was provided by
careful analysis of the O 1s and Mn 2p spectra, as opposed to the usual
method of analyzing the Si 2p. MnO was deposited and used as a reference
material for the O 1s spectrum and an accurate binding energy position was
achieved for the MnO in the O 1s core level spectrum. This approach
produced some further evidence of a MnSiO3 peak in the O 1s peak profile.
Although this peak could still be another stoichiometry of MnO instead of a
silicate, the Mn 2p peaks also suggest it is in a Mn-silicate form.
Additionally, the surface treatment of carbon doped oxide layers by
exposure to atomic oxygen has been demonstrated and investigated by XPS.
It has been shown that the simultaneous depletion of carbon and addition of

oxygen at the dielectric surface modifies the chemical environment of the
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CDO providing a more suitable substrate for MnSiOs; barrier layer
formation. The altered binding energy positions of the Si 2p and O 1s core
levels on the modified substrate enable the chemical identification of
MnSiO3;, which is difficult on an untreated CDO surface due to peak

overlap.

Finally, the relative peak positions of the Ru 3ds;; and C 1s core level peaks
were accurately determined in two industrially relevant Ru liner/CDO
systems. The chemical, interactions of Ru layers with Mn-based barriers on
CDO surfaces were also investigated. It was shown that a high porosity
CDO surface appears to have an oxidizing effect on Ru liners. This
chemical interaction was inhibited by the prior deposition and annealing of a
thin Mn interlayer. Evidence for the metallic stability of Ru films on Mn

species, including Mn-carbide, was demonstrated.

7.5 Future work

The findings in this work provide the basis for further developing an
understanding of Ru layers for use as copped diffusion barriers. Although an
in depth chemical analysis of Ru liners was achieved using XPS, there was
very little information on the structural aspect of the layers. Therefore, the
barrier layer structures could be investigated using TEM while the copper
diffusion barrier properties could be EELS elemental profiles to determine

the effectiveness of the Ru/Mn and Ru/Al layers at inhibiting Cu diffusion.
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Secondary ion mass spectroscopy analysis could also be used to determine
the chemical depth profiles in conjunction with the EELS analysis. In
addition to the barrier properties of Ru/Mn and Ru/Al structures, the
diffusion mechanism of Mn, Cu and Al through these layers as a function of

grain boundary density will also be assessed.

Metal-oxide-semiconductor (MOS) capacitor test structures formed by
depositing copper on the Ru/Mn and Ru/Al based barrier layers formed on
industrially relevant CDO dielectric substrates could also be used in the
overall assessment of this barrier structures. The effectiveness of the layers
at preventing copper diffusion could be determined by undertaking time-
dependent dielectric breakdown (TDDB) and bias-temperature stress (BTS)
measurements. Capacitance-voltage measurements could also be used to

detect evidence of copper diffusion into the dielectric layer.

The concept of barrierless interconnects is also developing traction in the
industry. The need for a barrier makes device miniaturisation very
challenging due to the physical space requirement and the induced
resistance of the layers. A potential solution based on the enhanced
chemical and thermal stability of Cu alloys films has been proposed,* where

the Cu interconnects are replaced with a new material system without the
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need for a barrier layer. Ruthenium has been targeted as a potential material

of interest for this purpose and will be studied in the coming year.?
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Appendix A
peak BE Peak Gaussian | Lorentzian
position [ shape
Si02 103.8 Voigt 1.2 0.4
Si 99.3 Voigt 0.6 0.4
Ru silicide 99.6 Voigt 0.8 0.4
i 2p MnSiO3 102.2 Vo?gt 1.4 0.4
CDO 19 103.3 Voigt 1.8 0.4
CDO 27 103.2 Voigt 1.7 0.4
CDO 34 102.5 Voigt 1.7 0.4
CDO 48 102.4 Voigt 1.8 0.4
Si02 532.7 Voigt 1.3 0.6
Al203 531.9 Voigt 1.6 0.6
MnO 530.1 Voigt 1 0.6
O 1s MnSiO3 531.5 Voigt 1.9 0.6
CDO 19 532.5 Voigt 2 0.6
CDO 34 532.2 Voigt 1.9 0.6
CDO 48 532.1 Voigt 1.9 0.6
Al 2p Al metal 72.7 Voigt 0.8 0.1
Al203 75.3 Voigt 1.8 0.1
Ru metal 280.0 Don Sun 0.6 0.5
Ru 3d Ru silicide | 276.6 Don Sun 0.7 0.5
RuO2 280.6 Voigt 1.1 0.5
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