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Abstract

Anita Brady -Boyd

Photoemission studies on the efficacy of self -assembled
monolayers for use in transistor applications

The thesis explores the effectiveness of incorporating amino terminatedself-
assembled monolayers (SAMSs) into several different aspects of the baaknd-of-
line (BEOL) process for integrated circuit (IC) fabrication. SAMs are essentially
two-dimensional nanomolecular assemblies which can display large scale ordering
via weak Van der Waals interactions, when deposited on a surface. In this study
SAMs are considered for four main applications (i) as a pore sealant for porous
dielectrics, (ii) as an adhesion promoter between copper and SiQ) (iii) as a blocker
for areaselective atomic layer deposition (ALD) and (iv) as ameans to trap a Pd
catalyst for the novel electroless deposition (ELD) of cobalt. From a pore sealing
perspective, insitu x-ray photoelectron spectroscopy (XPS) studies have shown
that a manganese silicate layer 9 formed when a thin film of manganese is
deposited and annealed on SAM terminated Si@and spin-on glass substrates. The
presence of a silicate implies that the manganese can diffuse through the SAM and
form a chemically stable barrier which could inhibit copper infiltration into the
dielectric. In a separate study, XPS analysis of ultrghin copper films (~0.5nm)
deposited on three differently terminated SAMs suggests that amino terminated
SAMs offer significant benefits in terms of both the nucleation ard adhesion of
copper over layers on dielectric surfaces. A subsequent situ XPS study of the
effects of atomic oxygen treatments of SAM terminated dielectric substrates
displayed that highly controlled stepwise removal of the SAM could be routinely
achieved which has significance for the understanding the oxidation cycle in the
ALD growth of metal oxides on SAM terminated substrates. Finally, the role of
SAMs in cobalt interconnect electroless deposition (ELD) has been characterised
by hard x-ray photoelectron spectroscopy (HAXPES) in order to understand the
optimized process to fabricate these interconnect structures.
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Chapter 1

1 Introduction

7EOE OEA AT A T &£ -1T1T0AG0 1 Ax inflistryimGsOfinET OE G E C
novel ways of increasing speed and efficiency in new devices while keeping the

power consumption to a minimum? During the 19608 Moore was the first to

observe that the number of transistors on an integrated circuit (IC) chip doubles

roughly every 18z 24 months?. This observation has become a selfulfilling

prophecy with companies like Intel, Global Foundries and Samsung all competing

Ol EAAD -1T1T0AB80 1 Ax Al EOA AU ACCOAOOEOA 01
IC chip is generally split into two main parts: the front end of line (FEOL) where

the transistors are patterned directly in the semiconductor and the back end of line

(BEOL) where the individual transistors are wired by the interconnecting wires or
interconnects. INOAT 60 YI 11 TTAA AT AOGOO 1 Ainthel 1 EI 1
FEOL of the chip®. This however, requires sophisticated patterning of the
interconnects in the BEOL as seen in Figure 1.1. This scaling is propelled by new
advances in mobile technology of plones, tablets and laptops. The desire of
consumers to always have fast powerful devices at our fingertips is ensuring that
OAAETT1TcU CAOO OEA 11060 106060 T &£ -1T1T0A80 , A
This thesis will emphasise some of the critical challenges facing the
microelectronics industry today and propose possible solutions for these problems.

The integration of self-assembled monolayers (SAMs) into the BEOL is investigated

as a means of solving some of the main difficulties in device fabrication. In this

section, the processing ppblems faced by industry are outlined. SeKassembled

monolayers are also introduced and reasons for their interest is highlighted.



BEOL

Global
Interconnects |

Metal Line

Local
Interconnects

Transistors

(a) in FEOL

Figure 11(a) basic schematic of how interconnects work(b) the complee stack from the
transistors right up to the solder bump* and (c) Scanning electron microscope (SEM) image
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1.1 Challenges Facing the Microelectronics Industry

There are a variety opproblemsA OOT AEAOAA xEOE OEA OAAI ET C |/
With a pitch width of 34 nm at 10nm node?®*, and even 7nm node technology® on

the way, the problems associated with shrinkage arenot easily overcome. The
resistancecapacitance RC) time delayin particular has becomeone of the limiting

factors for ultra-largeeOA AT A ET OA C OA O.Hnl ablditign 5o, ti8e)s@@ling /£ ) # & (
issues, choice of material can also have consequences. Copper (Cu) for example,
introduces some difficulties like electromigration and diffusion into the

surrounding dielectric insulating layer 22 This has led to the need for barrier
layerst*’and in the newest technology node, cobalt (Co) has been introduced to

replace copper in the first three metal lines. It is predicted that in subsequent

technology nodes cobalt will in fact replace copper altogether as the interconnect

material of choicel 618

Silicon dioxide (SiO2) also has limitations as the interlayer dielectric (ILD)
material, with a dielectric constant, k, of 3.9 being considered to be too high for
future back end interconnect fabrication. This has initiated the search for new
lower dielectric constant materials or low-k materials in the BEOL processing.

2



However, there are considerable material challenges in theirintroduction.
Problems of adhesion between the different layers in the device, in particular
between metal lines and the surrounding dielectric material, have also been a

hindrance. Delamination due to poor adhesion is commont®

Finally, the ability to de posit the barriers and the copper in a conformal way that
will reach to the depths of the vias and trenches is becoming increasingly difficult.
In the 20nm node the aspect ratio of the trench height to its width is 7:1asshown
in Figure 1.2 This createsa problem for traditional chemical vapour deposition
(CVD) and physical vapour deposition (PVD) based techniques. Atomic layer
deposition (ALD) and electroless deposition (ELD) show great promise for
depositing a variety of thin films including oxides and metals due to their

uniformity and control over material thickness 202

22nm node 14nm node 10nm node

Figure 12 Scaling from the22nm node to the 10nm node

1.1.1 RC Time Delay

The miniaturisation of device features has greatly improvedthe overall chip
performance due to the larger number of transistors per chip and their closer
proximity to each other. This has led to a decrease in the gate switching delay but

ultimately to an increase in the interconnect delay as more narrower wires ae



required to connect these devices. This delay is due tdi) the interconnect
dimensions and (ii) the electrical resstance of the metal line and the capacitance
between neighbouring lines surrounded by the dielectric and is known as the RC
time delay. The RC time delay alsdimits the clock frequency of the chip, which

determines how fast the transistors can be switched on and off

Since the resistance,Y, of the line is dependent on its geometry, if the cross

sectional area decreases the resistance lincrease. This can be seen by:

Y i Dﬁ
5 PP

where” is the intrinsic resistivity of the material in the line, 0 is the length of the

line and 0 is the crosssectional area of the interconnect.

Similarly, the capacitance,6, between twointerconnecting lines is given by:

C
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where ll is the dielectric constant of the material, - is the permittivity of free space,
"Yis the thickness of the line and 0 is the minimum metal pitch . Asthe capacitance
is directly proporti onal to the dielectric constant, if its value remains constant
while the dimensions of the metal lines decreases, thenthe capacitance will

increase correspondingly

From these equations it can be deduced that if the RGime delay is to be kept to a
minimum the metal of choice for interconnects must have a low resistivity and the
ILD must have a low dielectric constant. All these factors led tocopper replacing
aluminium as the interconnect mateial of choice in the late 199Gs with the
introduction of the 180 nm node ?%25, The introduction of copper led to a significant
Ei DOT OAT AT O ET 2# OEIi A AAI Au AOGA O Ai BPPAO



the aggressive scaling trend could continue. The resistivity of bulk opper is 1.7

Y axm while bulk aluminium is 2.7 Y cx#én.

Today, it would appear that the microelectronics industry is set for another switch
in metalli sation scheme. From Figure 1.3below it can be seen that cobalt
interconnects on low-k dielectrics with air gaps, have the potential to greatly
reduce the RC time delay to allow scaling to continue for several more nodés.
Although the resistivity of bulk cobalt is higher than copper at 6 Y ac#, at these
length scales it surpasses coppeniterms of performance. Figure 1.3 showthe time
delay due to cobalt interconnects, which even integrates airgaps in the ILD (purple

line), is ~67 % lower than the best performing copper interconnects.
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Figure L3RC time delay as a function of technology node. The gate delay can be reduced by
decreasing feature size. Changing to Co should decrease the interconnect délay

Furthermore, the capacitance can also be reduced to keep thaterconnect delay
minimised. From equation 1.2 it is clear that as devices continue to shrink the

capacitance will increase. The only way to keep the capacitance minimised is to



lower the dielectric constant of the ILD. A low-k dielectric material is defined as
having a dielectric constant less than the SIQOAT OA 1 £ ¢ 8kdielectit AAUG O
materials averagearound k = 2.5. A lower k value is mainly achieved by two
different methods. The first is to introduce carbon into the oxide. This has the
effect of replacing some of the highly polarisable StO bonds with less polarizable
SiCHzbonds. The introduction of the C also increases the interatomic distances in

the silicon and this also decreases the dielectric constarit?®.

The second mehod used to reduce the k value,is to introduce voids/air gaps or
pores into the dielectric material. The lowest k value that can be ackeved is
1, which is thatof air. Therefore, by introducing air gaps or pores into thedielectric
material, the dielectric constant can be lowered. The pores areintroduced by
adding nanoparticles calledporogens to the dielectric, which are then burned out
when the dielectric is heated, leaving air gapsehind. The porogen is an organic
precursor, normally a hydrocarbon, which is adled during the deposition of the
low-k material. The most common type of porogens are cyclopentane oxide (CPO)
IO AOOGAAEATA 1111 @EAA j"-71Qq8 4EA OAOOT 1 OC
annealing the dielectric at high temperatures for several hours oty UV curing the
dielectric to remove the porogen®®. The size of the pores can be selected by
choosing the size of the porogens themselve’d Generally, the larger the poresthe
higher percentage of porosity of the film. Although new methods such as foaning
have also been developed where the porosity of the films can reach 8% 32 Porous
films are quite challenging as they offer little resistance to metals diffusing through
the pores and degrading the film?3, If the pores areconnected they form large qen
areas that can easily hold moisture and other ambient gases, leading to
contamination and increase in the dielectric constant For example, water has a
dielectric constant of 80.4 and if water vapour was to infiltrate the pores it would
drastically effect device performance.The pore size and pore densitycan also have
consequences on the mechanical properties of the dielectric, with porous

dielectrics generally being easier to damage astheyhavd 1 1 xAO 91 01 ¢80 |
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than silicon dioxide. The severty of all these problems increase as the porosity
percentage increases, making highly poroudilms difficult to integrate into the

fabrication process**33

1.1.2 Electromigration, Diffusion and Adhesion

Copper diffusion and electromigration into the dielectric layer are well studied
phenomena®®3’ Electromigration is the result of momentum transfer from the
electrons to the atoms which make up the interconnect metal. Electromigration
can lead to several consequencesvhich can affect device performance such as
voids, hillock formation and track thinning 1238 An example of a void is shown in
Figure 1.4 Hectromigration is primarily an inte rface related event due to thepoor
adhesion between theCu andthe ILD®®.

FSG film
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».
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Figure 14 Transmission electron microscope {EM) cross-sectional images of four failed
samples after 1%0-hour electromigration testing. Voids were always found in the via
sidewall and bottom cornef®.



Diffusion occurs when particles move from a regim of high concentration to a
region of low concentration. # 1 PDPAOS O EECE 11 AEI EOQU
through silicon and silicon dioxide even at low temperatures. It is thought the
diffusion process in copper is due to mobile copper iong8. Toimpede the diffusion
of copper, barrier layers are inserted between the copper interconnect and the
dielectric. These barriers prevent interdiffusion across the CuSiO: interface, as any
copper in the silicon can produce deep electronic level traps in thesilicon which
will degrade device performance by permitting recombination of the minority

carriers,

Barrier layers must meet several criteria which include, ensuring mechanical
stability, demonstrating improved adhesion between the copper interconnect and
ILD, be conformal on the surface, scalability, and they must also have a low
resistance>?8 A tantalum (Ta) and tantalum nitride (TaN) stack, currently being
used as thebarrier layer of choiceg gives a layered stack of Cu/TaN/Ta/Si@%%41 As
device miniaturisation continues, Ta/TaN can no longer meet these requirements
because it demands more of the crossectional area of the line leaving less room

for copper.

Over the last decade there has been considerable interest in the idea of a self
forming barrier which involves depositing a copper barrier metal alloy onto the
dielectric surface. Following deposition of the alloy, the device is then annealed
and the copper and the alloy metal separate, with the alloying metal migrating to
all edgeswhere it can chemically interact with the surface of the dielectric. The
alloying metal must have a prefererce to chemically react with the dielectric rather
than stay in its metallic form. Ideally, this reaction would be seltlimiting to a few
nanometres into the surface of the dielectric to ensure that the barrier layer
remained thin. The alloying metals which have been considered as suitable
candidates include aluminium?®42 magnesium (Mg)?3, titanium (Ti)**4° and

manganese (Mn)->46:47
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The microelectronics industry must contend with multilayer systems of dissimilar
materials such as oxides, metals and dielectrics. The reliability and lifetime of the
device all depend on how well these materials can bond or adhere together, making
adhesion a major challenge fran a fabrication viewpoint. Delamination is common
in systems with poor interfacial adhesion and will ultimately lead to device failure.
Poor adhesion can be related to a range of factors including deposition method,
temperature, oxygen partial pressure duing deposition, the type of substrate,
purity of material being deposited and surface termination of the underlying
substrate®®4, It has been revealed that copper deposited on Si®@and low-k
dielectrics can show inferior adhesive strength and can be eayy delaminated after
annealing!®>°°51|t has been proposed that this is due to the difference in thermal

expansion between the copper and the underlying substraté®.

As there is no one definitive way to measure adhesion this makes a quantitative
analysis very difficult. At present there are over 200 techniques to measure
adhesion of thin films such as fourpoint bending test, nanoindentation and

scratch testing, blister test and tape testingZ®8. These techniques can measure the
modulus, hardness, interfacial strength and toughness of the thin film, and can give
indications of the adhesive energy and strength. They are however, time
consuming and can involve complicated microscopy analysis or modelling to yield

results.

A simple peel test or tape test isone of the easiest and quickest ways to check for
adhesion. Although, it is purely qualitative and gives no absolute value to the

measure of adhesion it does provide a very valuable comparative method of
adhesion analysis across a range of differently tréad samples. The tape test has
been used in industry to check the efficacy of copper adhesion to barriers. The tape
is placed on a sample, normally copper deposited on a silicon substrate with or
without a barrier metal, and then peeled off. If the metal remains on the substrate

it is a pass, if the metal is removed from the substrate, it fails the test.



1.1.3 Atomic Layer Deposition (ALD) & Electroless Deposition
(ELD)

As stated previously, with scaling the ability to deposit a uniform homogenous film
Is increasingly difficult with higher aspect ratios in vias and trenches. A variety of
deposition techniques are used at different stages of the fabrication process such
as plasmaenhanced CVD (PECVD), electrorbeam (ebeam) evaporation,
sputtering and electroplating just to name a few. However, these CVD and PVD
techniques do not have the ability to reach the critical dimensions of the newest
technology nodes with void freefilling of small features increasingly becoming a
significant challenge. For barrier layer formation on high aspect structures the
main problem lies with coverage, thicker layers tend to form at the top, leaving the
bottom of the line uncoated. This alsomakes it hard for the subsequently deposited

copper to fill the line as displayedin Figure 15.

Barrier Cu cannot fill
layer the line

Barrier metal not
uniformly deposited

Figure 15 Schematic showing poor deposition of barrier metal and subsequent copper line.

ALD is a vapour phase technigue that has exhibited the ability to deposit

homogenous ultra-thin films of various materials. ALD was developed by Suntola

in the 197G and was originally called atomic layer epitaxy (ALEY. ALD deposits a

material one atomic layer at a timeby using sequential, selflimiting reactions with

different precursors. Many materials can be deposited via ALD such as metals,
10



oxides and nitrides. ALD has many advantages ove€CVD and PVD deposition
techniques such as precise thickness control at an atoic level. It is an extremely
conformal and uniform deposition technique which does not require line of sight
like most other techniques. Since the precursors are in a gaseous phase they can
infiltrate even the smallest of spaces so high aspect ratio feates or samples with
3D geometry are readily coated. The deposited film is continuous due to the self
limiting nature of the reactions and defects such as pinholes are much less likely to

occuréosl

Figure 16 displays one complete cycle ofhe ALD processfor depositing aluminium

oxide, AOs8 )1 &ECOOA Y806j Aq OEA AAOA WG AMDO A,
which the first metal organic reactive precursor is introduced until the surface has

become saturated, Figure 1.6(b). The precursor is pulsesito the chamber and

given sufficient time for it to react with the surface in a self-limiting manner. This

allowsfor a single monolayer to format the surface. In Figure 1.6(c) and (d) a carrier

gas is used to purge the chamber of any unreacted precurs@r by-products of the

reaction. The carrier gas is usually either nitrogen, (N) or argon, (Ar) but this can

AAPAT A 11T OEA 1 AOGAOEAI AAET ¢ AADPI QHGAARS 4E
in Figure 1.6(e), where the substrate is exposed to the redage gas or plasma, which

in the case of AbO3z growth is water. Following another purge (Figure 1.6(f)) one

monolayer of metal oxide material has been successfully deposited (Figure 1.6(Q)).

This process is repeated until the desired film thickness is attaied?%6%61 Other

factors such as sample temperature and chamber pressure are important during

deposition, but these can depend on the nature of the material being deposited.

11
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Figure 16 Schematic illustrating one full cycle of the ALD process to deposit a thin AI203
film 60

For some materials the thermal energy received from heating the sample during
deposition is insufficient to allow the precursors to chemically react. Also, some
single-element materials such as metals and semiconductors are not compatible
with the normal ALD process. In this case a plasma is employed to promote the
desired reactions, this is known as plasma enhanced ALD (PEALD). Plasmas
produce a range of species suchs highly reactive radicals and ions, which are used
to facilitate the chemical reactions that cannot take place with either thermal
energy or other gas reactants. It has been reported however, that PEALD has
reduced conformality compared to traditional ALD and that the plasma can

damage the samplé&°62.63

ELD is a highly selective and conformal electrochemical deposition technique. It is
reported to have first been developed by the Moche Indians of Peru ~100 BC when
they electroless deposited gold onto cpper mask$“. Films produced by ELD are
very uniform and can be used for depositing in high aspect ratio trenches either for
barriers or for filing the copper line %% In ELD, a metal is deposited by an
autocatalytic process where metal ions are reducedoy a chemical agent in a

solution. ELD is different from electroplating in that it does not require an external

12



current source and so can be used to deposit metals on insulating surfaces as well
as conducting ones. However, ELD does require a metal on mat contact so
insulating surfaces are activated with a catalyst layer such as palladium (Pd) or Co,
then the metal of interest can be deposited. Most common metals for ELD include

copper, cobalt, nickel (Ni), gold (Au), silver (Ag) and a range of alloys.

The ELD solution can be quite complex and is generally made up of metal ions,
reducing agents and pH buffers. For depositing cobalt, the most common reducing
agents are phosphorus or boronbased compounds. These however, can become
incorporated into the film. To deposit Co, a Pd catalyst is first deposited from a
PdCL solution. The Pd forms small nancislands across the surface with diameters
of ~6-10nm®’. Once the Pd activated surface is introduced to the ELD Co solution,
both metals are reduced which alows nucleation of the cobalt. The cobalt then

grows from these nucleation sites to form a mostly metallic thin film?2%

There are some disadvantages to this process which can lead to unsatisfactory
results. The solution can age quickly and so should be maeljust as it is about to be
used. The reaction creates byproducts which can affect the deposition. The
reducing agents can become incorporated into the film. The metal can sometimes
fail to nucleate on the surface due to contaminatior?t Although ELD shows great
promise for future integration into the fabrication process it is still a novel
technique for depositing on such small length scales and requires more

investigation.

1.2 Self-Assembled Monolayers (SAMSs)

Selfassembled monolayers or SAMs have garnedea lot of attention from many
disciplines of the scientific community for almost forty years starting when Sagi\®
succeeded in preparing silane based monolayers and Nuzzo and Allaéi®succeeded
in preparing ordered monolayers of thiols on gold for the first time. During this
time, research on SAMs has expanded rapidly with an increasing range of

13



applications for the use of such monolayers. There is particular interest in their use

in the area of biosensor€’’*and of course for use in the microelectronic industry.

SAMs are essentially twedimensional nanomolecular assemblies which can
display large scale ordering via weak/an der Waals interactions, when deposited
on a surface.The SAM is comprised ofthree segments: the head group,the
hydrocarbon segment and the terminal functional group as displayed inFigure 17.
The head group is chosen to ensure a strong affinity for the substrate and permits
the bonding of the SAM to the surface.lt is this segment of the SAM that impacts
the surface coverageand thermal stability of the SAM. The hydrocarbon chain
impacts on the SAM thickness, packing density and crystallinity. This segment
which usually consists of alkyl chains is fequently tilted with respect to the surface
and uses lateral interactions to minimise free volume. The terminal function group
is the part of the SAM furthest from the surfaceand this segment impacts on the

adhesion between subsequently deposited metal films and th&AM.

Terminal Functional Group
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Figure 17 Figure of the DETA SAM showing the different segments, the head group,
hydrocarbon chain and the terminal functional group
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Thiol SAMs deposited on metals, with gold mainly being the metal of choice,
represent the most studied group of SAMs with many reviewsand papers detailing
their deposition and many functions’Z">, Thiol SAMs on gold represent a model
system which has primarily been studied for several reasons: (i) it is easy to deposit
a uniform gold film (ii) gold does not form a stable oxide making it easy to work
with in ambient conditions (iii) sulphur has a strong affinity for noble metals
especially gold and forms a strong covalent bond and (iv) gold is easily cleané@
There are many different types of SAMs including silane based SAMs and
phosphonic acid based SAMS$" 78 which are of interest in the microelectronics

industry.

The main SAM employed throughout this study is a silanebased SAM known as
(3-trimethoxysilylpropyl) diethylenetriamine or DETA SAM which contains the
elements silicon, oxygen, carbon, nitrogen and hydrogen and it is designed to
chemically bond to a SiO2 surfaceThe terminal functional group of the DETA SAM
contains nitrogen which is of interest due to its adhesion properties with copper.
All of the SAMs utilised in this study were prepared in IMEC in Belgium and
subsequently packaged and shipped to DCU for surface modification and

characterisation.

1.2.1 Surface Bonding and Deposition of SAMs

SAMs can be deposited several different ways, for example liquid tank phase,
vapour phase,spin-on’%% micro-contact printing 8 and by supercritical fluids®2
The two most commonly used methods, liquid tank and vapour phases, will be
described here. These two methods are compatible with standard fabrication
processes already in use in the sermonductor industry and they show the best
coverage. Before deposition however, the surface must be modified to allow the
SAMs to create a chemical bond with the surfaceThe silicon dioxide surfacecan

be pre-treated by a variety of different treatments including plasma activation, 8384
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piranha cleaning 286 or an RCA proces¥ prior to SAM deposition. The purpose of
these treatments is to make the surface more hydrophiic and to generate OH
terminal groups at the surface to facilitate the SAMs adherenceto the silicon
dioxide surface. The SAM bonds to théhydroxyl terminated surface via a hydrolysis
reaction resulting in the elimination of water to form a direct covalent bond
betweenthe Siin the SAM head group and the oxygen from the surface terminating

group’+8588which is schematically shownin Figure 18.

Strong
chemical bond

Figure 18 SAM molecule adhering to the surface. On the left a pristine wafer before
treatments and the SAM molecule. The middle diagram shows the change in the surface
after the pretreatments, now the surface has OH terminal groups that will bond to the
head group of the SAM with the expulsion of me#imol. In the diagram on the right the
SAM has now made a strong chemical bond with the surface as water is expelled.

In a liquid tank deposition, illustrated in Figure 19, the OH terminated silicon
substrate is immersed in a tank containing a dilute silane solution which contains
the SAM precursor molecules dissolved in a solution such as ethanol or carbon
tetrachloride 8. The substrate is left in the solution for several hours maybe up to
24 hours to allow the SAMs to chemisorb to the surface. The longethe deposition
the higher the quality of the SAMs film. The substrate is then removed and rinsed
multiple times with solvents to remove any unbonded molecules and finally it is
dried with N 2. The main disadvantages of this method are the length of time t&en

to form an ordered monolayer and the large quantities of solvents use
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Rinsing

OH terminated Q SAMs now
surface on Surface

Substrate immersed in
silane solution

Figure 19 Schematic of the liquid tank deposition process.

Vapour phase deposition is usually carried out in a UHV chamber where the silane
precursor is heated until it evaporates, shownin Figure 1.0. The vaporised SAM

then assembles on the surface. This form of deposition is much quicker than the
liquid phase technique and uses much less solvent. It is also advantageous as in
situ pre- and post-analysis can be performed. The main drawback is the density of

the SAMs film is said to be lower for this type of depositior>.

Liquid SAM
° v
°®
Vaporised

@
@

T\ Substrate

Figure 110Schematic showing the deposition of SAMs via the vapour phase technique.
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1.2.2 How can SAMs Benefit the Microelectronics Industry?

Silane based SAMs are of particular interest to the microelectronics industry for a
variety of reasons. With a thickness in the nanometre dimensional range,
depending on the chain length, there is little overall increase in resistivity owing to
the crosssectional area of the line mainly being occupied by copper. Due to the
strong covalent bond formed between thesilane head group of theSAM and the
silicon substrate they are highly stable against thermal desorption and can create
a near perfect monolayer with low defect density. They can form on differently
oriented surfaces making conformal deposition effortless.Different patterns of
SAMs can be fabricated by various deposition techniques such as micro contact
printing 8L They can be used as a blocker to prevent film growth on a surface. Most
importantly they can be used to tailor the interfacial properties of the underlying
substrate. This can make a deposited metal filmadhere more easily to a SAM
terminated SiO: surface than to the untreated surface, by altering the chemistry of

the terminal functional group 727477

Technically these attributes can be used fo a variety of different applications.
SAMs have been proposed as an ideal pore sealant for porous lekvdielectric
materials as they are of a comparable size to the poré8%%, |t has been suggested
that SAMs could even be considered as a barrier layghemselves as they possess

many of the barrier layer criteria®92

Area-selective ALD allows the deposition of a material on only certain parts of the
underlying sample. It has been proposed that SAMs could be used as a blocker for
areaselective ALD. Ona patterned surface consisting of alternate lines of copper
and SiQ,, a silanebased SAM could be deposited which would preferentially bond
to the SiO.. Subsequently a metal could be deposited by ALD which would adhere
to the copper and not the SAM terminated SiQ. This could also be performed the
other way around with the SAM attached to the copper leaving the material to

deposit only on the SiO*%%,
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Finally, SAMs can help activate the surface for ELD deposition on insulating
dielectric materials. Unlik e electroplating, ELD can be used to deposit on insulahg
materials but it needs a catalyst. For ELD Co, palladium acts as a catalyst but first

the SAMs are used to trap the palladium.

1.3 Thesis Layout and Organisation

Chapter 2 of this thesis introduces some of the various analysis techniques used in
this study. It outlines the principles behind their operation and analysis methods
following data collection. The principle technique employed in this work is X-ray
photoelectron spectroscopy (XPS) with secondary techniques including hard xay
photoelectron spectroscopy (HAXPES) and atomic force microscopy (AFM) also
explained. The ultra-high vacuum (UHV) XPS system used for experiments is
briefly described along with the Diamond Light Source beamline 109 where
HAXPES measurements were obtained. The Veeco Dimension AFM is also

described.

In Chapter 3 the interaction of a thin manganese film deposited on a DETA SAM is
investigated. This chapter can be separated into three s#ions. The first section
deals with the characterisation of the DETA SAM. Its chemical composition along
with its stability in UHV is explored. The next section looks at the interaction of
the manganese film with the DETA SAM deposited on a native siliconoxide
substrate. With the final section detailing the interaction of the manganese with

the DETA SAM deposited on a lowk spin-on-glass (SOG) substrate.

Chapter 4 presents a comparative study on the effect the chain length and
composition of the terminal group has on the nucleation and adhesion of
subsequent deposited copper film. Three different SAMs are employed, one with
no terminal group and two with amino terminal groups. The two amino -

terminated SAMs also have varying chain lengths. XPS,-goint prob e and AFM are
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used to characterise both thin and thick copper films. A new method for semi

quantitative analysis for tape test measurements is introduced.

Chapter 5 focuses on the effects of irsitu atomic oxygen treatments of SAM
terminated dielectric substrates. The atomic oxygen is analogous to @plasma
which is frequently used in ALD, where oxygen radicals react with the sample. Two
different self-assembled monolayers, the DETA and a long chain carbon SAM, are
subjected to small highly controlled exposures of atomic oxygen. The manner in

which these SAMs are impacted by this oxygen etch treatment is investigated.

HAXPES investigation of the role of SAMs in cobalt electroless deposition is
reported in Chapter 6. This chapter looks at replacing copper inerconnects with
cobalt via a novel deposition technique which is compatible with standard
microprocessor fabrication methods. The chemical composition of the cobalt film

and the interactions at the S-Co interface are investigated.

And finally, Chapter 7 reviews the main findings of this work and suggests some

possible future studies that could be explored.
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Chapter 2

2 Principals of Experimental Theory & Techniques

The principal technique employed throughout this work to investigate and

characterise the SAMs and thin metal films is Xray photoelectron spectroscopy
(XPS). The secondary techniques include hard-ray photoelectron spectroscopy
(HAXPES) and atomic force microscopy (AFM). In this chapter, the theory of these

techniques and the practical use of the experimental systems will be discussed.

2.1 X-Ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS), also known as ESCA (Electron
Spectroscopy for Chemical Analysis) is a very powerful surface analysis tool which
can give a wealth of information about the electronic structure, the elemental
composition and the chemical state of the first 5z 10 nm of a solid materiat The
development and use of XPS as a surface analysis technique was pioneered by Kai
Siegbahnand his group through the 195@ and 196@&. In XPS, the surface of a solid
in vacuum, is illuminated with energetic photons from the X-ray range of the
electromagnetic spectrum. Due to the photoelectric effect electrons are
photoemitted from the surface of the material. The emitted electrons are evaluated
according to their kinetic energy and a spectrum is created as a plot of theumber
of detected electrons per energy interval versus their kinetic energy. XPS is
sensitive to all elements apart from H and He, which are the only elements not to
be observed. The other elements all have their own distinct photoelectron

spectrum?3,
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2.1.1 Basic Principals

Figure 2.1 schematically shows the basic sefp for a conventional XPS system. The
main components are the Xray source, the grounded sample, the electron
collection lens, the electron energy analyser, the detection system and the

computer system which displays the acquired spectra.

Hemispherical Electron Analyser

Triple Channeltron
Detector

X-Ray Source

Electron Lens

Data Acquisition

Figure 2.1A schematic showing the experimental saip for a conventional XPS system

The sample of interest is loaded into the ultrahigh vacuum (UHV) chamber and is

then irradiated with X -rays. These Xrays are generated by a twin anode ay

sourcewhich allows the user to select one of two different excitation energies. The
anode is waer-cooled and consists of a copper target with two distinct sides, one
of which is coated with a thin film of aluminium (Al) and the other a thin film of

magnesium (Mg). Electrons from a hot tungsten filament are accelerated using a
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high voltage, ranging from 10z 15 kV,towards the water-cooled anode. Xray

energies ofeither 1253.6 eV with a line widthof0A6 &£ O - C +s 1T O YAPRDO
alinewidthof0.85A6 A& O '1 +s AOA Ai EOOAA AO OEA A
The anode must be watercooled as he high electron flux can generate high levels

of heat which could potentially evaporate the Al or Mg coatings on the anode.The

twin anode configuration is used in situations where a photoemission peak

overlaps with an Auger peak By switching anodes,the binding energy position of

the Auger peak will change allowing for access to the photoemission peak of

interest.

To fully appreciate XPS as a technique, an understanding of how photons and

electrons interact is vital. When photons bombard asurface andinteract with the

atoms several different events may occur: (i) the photon may not interact with the

atom, (i) Compton scattering may occur where some energy is lost when the

photon is scattered by an orbital electron and (iii) the photoelectron effect may

occur where there is total transfer of the photon energy to the orbital electron

which may result in the electron being ejected from the atont. XPS is based on the

DOET AEDI A T £ OEA bPEIT O1 A1 AAGOI T A&EEAAO AT A
o & ©O P

whereO is the binding energy of the electron in the atom with respect to the Fermi

level,’O is the kinetic energy of the emitted photoelectron, QEO 01 AT AEG O AT 1

and t is the frequency and the product (¢ is the energy of the incident xray

photons. Since the Xray energy is known, the binding energy can be found by

measuring the kinetic energy of the emitted photoelectrons. Elemental

composition of any sample can be determined as each element has a discrete

binding energy associated withevery energy level. These values can be measured

against known values, so the correct element can be identifiedHowever, any

photon interacting with an electron in a material must be capable of transferring
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enough energy so that the electron can liberateitself from the surface of the
material. Equation 2.1 now becomes:
o @ © B &
whereg EO OEA OAIiDBPI A 1 AOGAOEAI 60 xi1 OE #&£01 AOE
difference between the vacuum level and the Fermi level© O). This isshown
in Figure 2.2 which displays an energy level diagram for the photoemission process
inside an XPS system, where a conducting sample and the spectrometer are in
Al AAOOEAAT Ai 1 OAAO8 ) O AAT Al AAOI U AA OAAI
energy measured up to the Fermi level O ), and its kinetic energy after being

emitted (O ), does not equal the photon energy of the incident xrays.

Figure 2.2 Schematic of the energy level fahe binding energy measurements where the
sample and spectrometer are in electrical contact.

36




























































































































































































































































































































































































































































































































































