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ABSTRACT

In 2022, integrated circuit interconnects will approach 10 nm and the diffusion
barrier layers needed to ensure long lasting devices will be at 1 nm. Thisdime
means the interconnect will be dominated by the interface and it has been shown the
interface is currently eroding device performance. The standardonnect system has
three layers — a Copper metal core, a Tantalum Adhesion layer andaluiraNitride
Diffusion Barrier Layer.

An alternate interconnect schema is a Tantalum Nitride béagier and Silver as
a metal. The adhesion layer is removed from the system along with changing to a
alternate, low resistivity metal. First principles are used tesaghe interface of the
Silver and Tantalum Nitride. Several stoichiometric 1:1 Tantallitnde polymorphs
are assessed and it is found that th€ feeystal structure is actually the most stable
crystal structure which is at odds with the published phase diagramfient crystal
structure. The surface stability ofPeTaN is assessed and the absorption enthalpy of
Silver adatoms is calculated. Finally, the thermodynamic stabilityeof &N-Ag

interconnect system is assessed.
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Chapter 1
INTRODUCTION

The semiconductor industry has been following Moore’s law for approximately
50 years. The law is based on the economic scaling of the integratét$ cised in
products from cell phones to laptops to supercomputers. The law basicaitysptieel
doubling of the density of transistors in a device every two years or so. Thaiednt
compaction of devices and increased densities has allowed the growth amsl@xpé
computational and technological innovations we are seeing over the cotlregatt 50
years. The continued pace of the semiconductor industry is reliant upontamndies
how materials behave on atomic scales as the devices are approaching atom
dimensions.

In the 2020 timeframe, the interconnects will approach sub-10 nm's in width and
the barrier/adhesion layers necessary for the metal lines to be prodilded<2 nm in
thickness. At these aggressive thicknesses, the interface oftfldingeand the
adhesion/barrier layer will become a critical barrier to furthgarovement in IC speed
performance as the interface will be a primary contributor to theegsgwitching time.
The time delay induced by the interface is due to electron scatter.

Currently, interconnects are layered structures of 3 materials @ptbec for the
metal, tantalum for the adhesion layer and tantalum nitride for thietdayer. Research
is underway to assess alternate barrier/adhesion layer agtbtit there are limited
studies on alternate metals with barrier/adhesion layers. Sdgdrden suggested in the
literature as an alternate metal to copper due to its improved bighvigsproperties.
This dissertation will attempt to assess an alternate path to alt@eritinued scaling of
the interconnect by simplifying the material makeup. The work will be basedl iaitia

studies to help understand if there is a better material set fmténeonnect.
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The dissertation is organized as follows: The First Chapter disdhsses
Interconnect system and projected issues facing the metal wirintg asdied to
continue the pace of Moore’s Law. The Second Chapter reviews the rsatgriaally
used along with an overview of the selected alternate materialsengllesented. The
Third Chapter is a review of the ab initio technique employed in tiskest The
remaining chapters are dedicated to the studies performed and the fabelts o
dissertation.

This chapter is organized to highlight key technical underpinningtéor
interconnect, issues with scaling of the system and proposes an alteayadf looking
at the system. First an overview of the Interconnects is provided aldnthe/ikey

issues faced with the systems.

Interconnects

Modern Integrated Circuits (IC) have features on the order of 32 migure 1
shows a cross section of an IC and the interconnects have around 10 levetselBhe |
include metal wiring in the plane of the wafer and metal VIA’s which correteteen
layers. With continued scaling, IC interconnects will begin to approach 10 width
by 2020. The interconnects need low resistivity with copper being the most wisely
metal. The move to Copper was induced by the fact that the first intect oneizl,
Aluminum, had high resistivity and long term stability issue, namely elergration.

Copper has issues with its use as it readily reacts with ILD ants slesices. A
barrier layer is used. The barrier is needed for copper and other highly cemducti
metals including silver or gold. State of the art metallizatahresas use dual

damascene processing where the interlayer dielectric (ILDjtierped for 2 layers and



then a barrier layer is deposited followed by an adhesion layer withetiad aeposited in

a multiple step process.

«— Passivation

s

<+— Dielectric
4 «— Etch Stop Layer

| «— Dielectric Capping Layer

Copper Conductor with

* Barrier/Nucleation Layer

Global ‘<

Intermediate

Metal 1 —— «+— Pre-Metal Dielectric

Tungsten Contact Plug

—>: :«— Metal 1 Pitch

Figure 1. Cross Section of Integrated Ciréuit

The adhesion layers are in place to enhance coating of the metal to ittre barr
layers. This results in a multi-layer, heterogeneous system thatitt@sfaces as shown
in Figure 2. The complexity of the processing schema adds cost and potemtial yiel
issues due to integration complexity. In 2022, the barrier layer approacthes at
thicknesses with dimensions for the interconnect system provided ia Talbng with
typical materials used for the layér.

The barrier and adhesion materials can change or be changed stoichaiypetri
crystallographically, or chemically depending on the processing chesgics of the
individual integrated circuit manufacturer. The common matdalsarrier layers are

refractory metals, nitrides and oxides as these show good resistancpdpditipsivity.



The barrier materials typically are not conducive to conformalrgpay the interconnect
metal. These composite systems are starting to have issues ag taggraaching

atomic dimensions.

Interlayer Dielectric (ILD)

Metal

Figure 2. Cross Section showing all materials of an Interconnect: Agyed) is the
Barrier Layer, Layer B (dark blue) is the Adhesion Layer.

Table 1. Modern Interconnect dimensiéns

Layer Width (nm) in Common Production Material

2022
Metal Line 81012 Copper
Adhesion Layer 0.8 Tantalum
Barrier Layer 08to1l tantalum nitride or titanium nitride
Interlayer NA carbon doped silicon dioxide
Dielectric (ILD)

Interconnect Scaling Issues:. Resistivity and Electromigration

The issues seen with Aluminum which prompted the move to the Copper
Interconnect system are once again showing up as the dimensions of tiee devi
approaches atomic scale. The interface of the copper Interconneat sysentral to the
constraints of scaling the interconnects. The two issues associttesluminum,
resistivity and electromigration are being seen in the systemistiRigg results in power
consumption occurring by the device above the theoretical operational gictiver
gates. In addition, it results in a delay in the Resistivity Capaci{&€pedelay which is

induced by the electrical characteristics of the complete badiergéon layer and metal
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line as a complete system. The metal line length contributes to the premnoss
shown in figure 1, the interconnect lengths can be divided into three diffengths:
Local, Intermediate and Global. Local interconnects connect closeededevices, are
very short from line length perspective, and do not have significant RC dEthey
intermediate and global interconnects do have considerable length aratelitioan
contribute to the overall RC delay, constraining the IC’s overall spedthus are a
central concern for device performance. Devices shrink at a ¢ainigtant rate per
generation and the generation iteration has historically been on a 2tgeaalin
Moore’s law accounts for this pattern from an economic sense. RC delggneeation

can be described via a very simple, general equaétion:

Lz L2
RC = 2,0880(4F+Fj 1

Wherep is the specific resistancejs the ILD permittivity,gq is vacuum permittivity, L

is the line length, P is the pitch between lines, T is the line thicknBisis. provides a
measure of RC delay scaling which contributes a significant portion tvérall speed

of an integrated devick. If the lines are too close together, there will be a capacitance
delay induced by the coupling of the electrical fields. In addition to thergkscaling
effect, the continued interconnect shrinking pushes the need to understaimteiniaves
can contribute to the overall device performance. It has been shown thidethell
barrier properties are among the single largest contributors to thel®Cadl aggressive
dimensiong:® The RC delay becomes more prevalent upon metal lines shrinking as the
surface contribution of the electron scatter in the metal line goedatjve to the bulk
electron transport. This phenomenon is shown in Figure 3.
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In addition to the RC Delay issue, electromigration is a pervasive Vgt
copper interconnects. Electromigration is a phenomenon that occurs ovantingea
critical failure mechanism for IC%% 7 It occurs due to a momentum exchange between
electrons and metal atoms. The interaction leads to a net diffusicetaifatoms in one
direction. At the cathode end of the line, a void is formed. At the anode end, a metal
extrusion forms. This leads to device failure as the interconnecthwift to another
interconnect or become unconnected. The phenomenon occurs at the surface of the
copper and is believed to be driven by copper diffusion at the interface afttbsian
layer or the copper grain boundaries. Better adhesion and greatecaihzond
reactivity of the barrier layer to the metal layer is believedaw she phenomena and
could explain early copper interconnect lifetimes being short due to thertiaer
systems not being optimizéd.

The scaling of the interconnect system is associated with thiaoesrof the
system and the complexity of the interconnect system. Research is olngagsg$s
other barrier and adhesion layers to eliminate the side wall RC delaajlaw
interconnect scaling. Another approach is to assess the intercorsient ag a
composite and attempt to optimize the overall structure, this bggsicedns to not just
change the adhesion/barrier layers, but to determine if a change istddecould enable
improved scaling.

The author is assuming that low resistive metals, Copper, Silver orv@abld,
provide the best interconnect electrical performance and hence a lagetewill be
needed. The choice of the metal and the barrier layer will be sestuschapter 2.
Before this, a review of what is needed for a barrier layer and stadjiliin interface

should be reviewed.



| side
wall

5| grain boundary

Resistivity [ cm]

bulk resistivity

10 I I 1(|)0 I IIII”1I000
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Figure 3. Resistivity scaling of Interconnect lines upon linewidtirsg?

Barrier Layers and Interface Considerations

The properties of nanometer size systems are defined by the intériadey
part of the assessment of a new metal will be if the interconneetrsis mechanically
stable as a composite and if it can be scaled to the needed dimensiensawhifining
mechanical stability, relatively inert from a thermodynamic petsgeand its electrical
characteristics are unchanged.

Interfaces are the region between two dis-similar substances aiteems of
chemical composition, crystal structure or both. An alternative way of iaterg an
interface is by considering it a buried structure or défecthe interface is a 2-
Dimensional structure and typically contains unique chemical and physical
characteristics. The ability of two materials to adhere to eachisethet always dictated
by their ability to form compounds The adhesion between a ceramic and a metal is
strongly influenced and even dominated by the surface energy and not by flaeénter
energy. In addition, large interface strain or incoherent interfacgitgy may limit the

formation of a stable interfacé.



A surface can be viewed as a system which has broken bonds. These broken
bonds allow for lower energy bonding occurring between species which may not
typically react or the reaction maybe sterically hindered due to tistraioms imposed by
the two surfaces. The interface maybe formed by species whichltypiteract or by
the fact that the chemical constituents of the system want to exsaf¢heir bonding is
complete relative to the preferred state. This is supported by tleatcharrier layer
material choice. Copper is immiscible in tantalum and immiscibigntalum nitride,
but these materials are used as a composite system for intercor@sthighlights the
fact that adhesion and chemical reaction are separate phenomena.

One particular problem with heterogeneous interfaces is the laiBesmatch
between the two different phases. Epitaxial thin film growth experinstiots that the
lattice dimensions of the substrate are maintained in the growth fibn the thickness
is small*® This occurs up to a critical thickness value and then the systesss stills
the film back into the expected lattice dimensions for the thin filrhis Suggests fohb
Initio studies, the “deposited” film should match the lattice of the substratenay
result in high residual stress of the deposited thin film. An altemetay of looking at
this problem from an interface setup perspective is to increase¢haf she small lattice
with repeat cells until an alignment can be reached in terms of th attignments?
The system could end up having strain relieved and lower interfacey ehergo atomic
voids or atomic re-arrangements.

Barrier layer materials need to have several key propéttidsrst, they have to
be thin and stable. They cannot readily react with either the meted trD. Second,
they need to be highly conformal to avoid void formation or allow the metalke ma
contact with the ILD. In the case of copper and carbon doped silicon dioxide@}DSI

this is very problematic as copper has a high diffusivity rate in CDSIO dhchpitly
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cause a short and kill the device. Third, they have to promote adhesion béigveen t
metal and ILD to ensure mechanical stability of the interface. Fobethneed to have
good conductance as the metal lines shrink and the total cross section ofiéndayar
ultimately takes up a significant percent of the overall metalscsection. The interface
of barrier layer and the metal is critical to the composites pedioce. Now a key

guestion is how to assess such a system.

Methods for Interface Sudies

Study of the interfaces is not a trivial task, as one has to firsedreainterface
of interest without defects or experimental issues inducing an uriegpastem.
Creation of interface systems can occur through advanced, in vacuum mgpcddsse
can include various vapor phase deposition techniques. Included in this Rétyareal
Vapor Deposition (PVD), Chemical Vapor Deposition (CVD) and Atomigelca
Deposition (ALD) techniques. PVD and CVD rely upon evaporation and deposition of
atomic species. On can control surfaces, stoichiometry and thickness bwtmgdul
input parameters such as gas pressure, temperature gradients antioihsctushe
evaporated species composition. ALD is slightly different as it [svgige chemical
buildup of a surface. One would produce precursors that would allow for ¢edtrol
deposition of systems and eliminate thickness and compositional flocisias the
precursor chemistry is the control mechanism at the micro |§Vklle these techniques
provide the ability to form various thin films at the atomic scalkey thave an inherent
flaw for early studies on novel concepts. They require signifiaastand effort to
ensure that the correct material crystal structure and compositiaei@fst is the actual

one being deposited. Significant changes from a known system require complex



experiments and research time to understand the proper processing conditions. |
addition to this problem of sample creation, is the need to actually steidytérface.
There is a shortage of experimental tools to study interfaces,daut fite studied by
analytical means such as Transmission Electron Microscopy, EleatssgyH.oss
Spectroscopy or Grazing Angle X-ray Scattering to name a few technignes. T
techniques are limitation in terms of their abilities to studythustinterface as they have
to have more material than a monolayer to analyze or cannot accessdariterface as
their surface sensitivity is a result of surface stability iratigh vacuum
environments?® In addition, the buried structure maybe metastable and by studying it the
interface could allow enough energy into the system to change to a nibeepstase or
structure.

First Principle orAb Initio modeling offers an alternate way of studying the
interface as 1.) All conditions and properties can be controlled, 2 3peuwific nature of
the interface can be analyzed and 3.) Specific chemical constitaene @accessed.
Others have looked at the way systems form interfaces for varidadess nitrides and
oxides. In particular, nitride systems were examined as to how Aluminum woule adher
to polar and non-polar nitride and carbide surfaces including Vanadiuide\itr
Vanadium Carbide and Boron Nitride!®> The studies show that the adhesion of the
metal surface preferred bonding to the metalloid species (nitroganbamng. The work
suggests that the work of adhesion should be highest when the metal samfatigrcto
the metalloids on the surface. Siegel goes on to show that polar sarackesninated
even further by the metalloid which causes the interface to have ewtargréhesion

when compared to other potential surfaces in the same crystal ¥ystem
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An ab initio study into the Interconnect system would provide insight into
processing and electrical properties that would allow one to understand what
experimental systems may be the best to invest physical research sitadyt systems
further. This study will employ this technique to help understand an aternat

Interconnect path.

Summary

The continued scaling and adherence to Moore’s Law has pushed the
semiconductor device manufacturing into atomic scale systems. By 20220nnets
will be 10 nm in width and the barrier layer that ensures the statiilitye metal will be
1 nm in thickness. The continued scaling will result in the system being dechina
surface effects. The current, industry standard set of matesedsfar Interconnects,
Copper, Tantalum, Tantalum Nitride, appear to have long term scaling iisslueng
RC delay associated with the interface and electromigratiornaneses

The author is proposing to study an alternate metal and barrier layéenmice
if there is a better “composite” system one could use for Interconngutsstudy will be
ab initio based and intended to provide guidance on interconnect direction. XThe ne
chapter will provide an overview of what those materials are in the amteect and

where the research will focus for those systems.
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Chapter 2
LITERATURE REVIEW OF MATERIAL SYSTEMS

In this chapter, a review of the materials of interest will be providée first
topic will be on which metal to choose of the low resistance group. Thagmiicant
data on Copper and study of an alternate metal could provide insight into wdrether
industry shift may be needed to overcome copper’s inherent flaws as aorintet
metal.

The second topic and higher importance is the selection of the barrier laye
material. As the interface of the barrier layer and the metttating the way the
interconnect is behaving, careful consideration will have to be given oreansyeit
may provide insight into what might be a good course for a viable, scalabtmmtect

system.

Metal Interconnects

In the early 2000’s, copper was introduced into IC production to replace
aluminum. Research and development was on going in the 1990’s to incorporate the
product. The reasons for the change to copper from aluminum include betlefeiRC
electromigration and better mechanical propeftie€opper offers significantly lower
bulk resistivity compared to aluminum and Al alldys.A Copper alloy of Al-0.5%to
1% Cu is typically used in the indust&/!® The alloy improves electromigration
performance, films are topographically smoother, and the aluminum forms aigeotect
oxide on the coppéf. As noted in chapter 1, Copper does have a set of new issues
associated with it. It requires a barrier layer as it can diffusevarious ILD materials

and short out the device.
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The use of silver in this study is based on the fact that it has alboker
resistivity than copper and is shown in figuré 4Silver may be a possible future
replacement for copper. It should be noted that silver suffers from thessalimg issue
as copper with respect to the line shrink, but little effort appeaheilitérature on
engineering of silver as an alternative metal. The publications@csdam to indicate
integration issues which could be related to maturity of silver primgeskssues such as
material defects and formation of various nitrides and oxides atttréaice of the silver
metal line and the barrier layer are more indicative of a lack of develapeffort than a
scientific, physical reason the material not to be 8séd® In addition, it has been noted
that Silver may have the same electromigration issues as copper.

However, copper has seen drastic improvements in electromigration dssuts
alloy research. Development of silver alloys could be possible to alsmoowethe

electromigration issues observed in the literature.

Metal Resistivity
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Figure 4. Graph of Metal Resistivity with respect to tempeeatur

In order for there to be a move to silver from copper as the primary roetal f

interconnects, there would have to be significant development. The deeelogifiort
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would require some projected success level to help justify the timeoahdhvestment
necessary to enable such a drastic change from copper.

The concept is that silver may have different adhesion properties ier tbayer
when compared to copper. In this study, Tantalum Nitride has been chdkenadisce
mismatch between Ag and TaN is smaller compared to Cu lattice wheng@ikhe
(111) planes of these metals. Table 2 is provided for reference andtbieovesious
lattice parameters for silver, gold and copper. Silver has thestdagigce constant when
compared with gold, copper, or aluminum. In the next section, the crystal strattur

Tantalum Nitride will be discussed and the specific crystal streatill be selected.

Table 2. Crystal structure of aluminum, copper, gold and fver.
Material Lattice Constant ganm) | Atomic Radius (nm Space Group
Silver (Ag) 0.4085 0.144 Fm3m
Gold (Au) 0.4078 0.144 Fm3m
Copper (Cu) 0.362 0.128 Fm3m
Aluminum (Al) 0.405 0.143 Fm3m

Tantalum Nitride

Typical materials used for barrier layers and adhesion layetsatalum nitride
and tantalum, respectively. The TaN:Ta system is indicated in nunsuoiiss and
experimentally seems to be a good choice as it has high thermal stabiligletdrical
resistivity, and low diffusivity for copper. The standard proces®ntly uses CVD or
PVD deposition for the TaN and Ta. The deposition technique and conditions will
dictate the crystal phase and stoichiometry of the layers.

TaN will need to be deposited by Atomic Layer Deposition (ALD) at these
aggressive dimension$.The crystallographic characteristics of an ALD film are

strongly dictated by the precursors and the processing conditions usieg fibm
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creation. The literature currently lists the cubic phase of Talylmk#posited, but there
is no reason that the thermodynamically more stable CoSn phase of TaN cdadd not
deposited and more importantly that it is not used in modern IC devices atutile ac
crystal structure used in production devices is publically knéwn.addition, ALD
starts from organo-metallic or halide-metallic based precurduchwnay leave defect
centers such as carbon, vacancies, or halides at the system irfterface

The phase diagram for TaN is shown in Figure 5. The 1:1 stoichior@etfin
phase is thermodynamically stable up to relatively high temperatutebenrystal
structures with regions of thermodynamic stability for TaN are CoSn a@d], With
TaN having the NiAs phase. The tantalum-nitride systems has a sagnifiumber of
poly-morphs and at least 3 poly-morphs at varied conditions for the 1:1 stoéathic
compound and are listed in Tablé'3.

There are few first principle studies of theN@apolymorphs and fewer include
the CoSn phase. The studies are listed in Table 4 with calculation atimnrextracted
from the publications. Table 5 provides the statistical overviewedAl Initio studies of
the 1:1 stoichiometry TaN systems and reported values for variousgiara including
lattice constants, heat of formation, and bulk. While there are rep@tsSof and NacCl
phases being thermodynamically stable and preférfédhere are other reports of
thermodynamic stability of some stoichiometry’s fNi@and TaNs) that do not occur in
the published phase diagrafi®® The stable phases from these studies are NiAN;Ta
TasNs, TasNs and WC-TaN phase€?® In addition, the NaCl and CoSn are proposed to
be meta-stable from first principle calculatidhs® Experimentally, WC phase is
formed by compression of CoSn Phase.

There could be several reasons for the discrepancies betweapéehienentally

derived phase diagram and #i®initio determined stable phases. Fordhénitio
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studies, two points of concern: Entropy and improper system setup. Entropy paay im
the final phase as shown in the phase diagram. The studies showrgivelpy
differences between phaéeé’ and entropy effects were generally not included, so the

calculated results are mostly relevant to zero Kelvin.
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Figure 5. Phase Diagram of Tantalum NitrtdélaN type FeN structure. Tantalum
occurs in a BCC structure; TaN is the CoSn phase @&hd 1:1 NaCl cubic phase.

For improper system setup, the parameters as noted in the publicatitiatedr
in Table 4 as to highlight gaps in individual studies. Only one studythisesrrect
gamma centered k point schema. This would result in a poor convergenceysteness
as the incorrect space sampling will occur. In addition, the published stedimsto
lack all needed details to repeat their work properly. A summary of thallqweblished
ab initio studies of the stoichiometric TaN compounds is also shown. fEeestiandard

phases of TaN (WC, CoSn and NacCl) are shown to provide a guide as to thécextent
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which the systems have been studied. Comparison across the resuilt betdane
upon completion of the work in this dissertation, but the results seem to sizgdyest
good calculation convergence for lattice parameters across phadesy btudies look at
the stability or modulus of CoSn and the WC phases. These crystalrsisiane more
sensitive to proper convergence when determined via first principles.

Table 3. Table of Tantalum Nitride Polymorgfis

Phase Stoichiometry Structure/Comments

a-TaN TaNy.o4 N in BCC-Ta

B-TaN TaNo 05 Same as-TaN

y-TaN TaNys HPC Ta w/ N Atoms occupying half of octahedral sites
e-TaN TaN; o HPC, CoSn

o-TaN TaNo,gz_o,g7 FCC-NaCl

O/v-TaN | TaN; HPC-WC, formed from CoSn under high pressure
TasNg TaN; ; Hexagonal

TasNs TaN; 2 Tetragonal

TaN; TaN; e Fluorite structure with N vacancies

TagNs TaN; & Orthorhombic, FaiOg

The results of théb Initio studies do provide guidance on the electrical
characteristics of T&l,. TaN has been shown to have strong metallic nature initially,
but with increasing nitrogen, the resistivity increases until itlfirtedinsitions to
insulating?” The N-rich structures were found to have dramatically increasetivigsis
once beyond the 1:1 stoichiomeffy.Once past the 1:1 stoichiometry, increasing N
content results in decreased barrier performéhdene incorporation of nitrogen helps in
one of two ways: First it results in nano-size to amorphous crystaafiam which helps
to delay the formation of larger grain, polycrystalline TaN. The secaydlve excess
Nitrogen helps is to delay the rate of diffusion of Silicon into the Tak the other side.
Overall, this improves electromigration performarice.

While there are numerous polymorphs for TaN, there is another phaie tha
suggested in the literature both in ab initio studies and in experimentalsstiid 1978,

Christensen suggested that the correct crystal structure oflth@N:was not the CoSn
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phase, but a BB crystal structur&. The first study was done using x-ray diffraction and

Christensen suggested that the original analysis done wadglliasiteray diffraction

predominately occurs from the Tantalum atoms. The author assessedtidlestrysure

using Neutron diffraction and thus allowed an increase in the positionahiation of

the Nitrogen. The author was able to show that the structure was not CoSaPbut

Table 4. Table oAb Initio Studies run on TaN in CoSn phase. EX is the Exchange
Correlation Functional

. . K point
#| PP EX Code | CoSn Studllkqaomt (CoSn) scKr)]ema Ref
1| FLAPW| LDA Yes MP 27
2 | FLAPW/| LDA Yes MP 30
3 us GGA VASP Yes 15x15x11 MP 32
4| us | %A | EsprESSO Yes 8x8x 14 5
PBE
5| PAW LDA VASP Yes 845104918 Gaussian |29
6| PAW %(éé' C\xéSTFZP Yes 7x7x11 MP 33
7 VASP Yes 6x6x10 MP 26
8 GGA DMol Undefined 34
Table 5. Publishedb Initio summary statistics
Lattice Constants Bulk Cohesive Heat of
ltem | system (nm) Modulus Energy Formation
a C (GPa) | (eV/TaN Unit)| (eV/atom)
CoSn 4 4 2 1 5
Count | WC 4 4 3 0 3
NacCl 9 6 6
CoSn 5.16 2.89 251 -14.046 -1.49
Min WC 2.91 2.86 337 -2.73
NaCl 4.33 327.6 -1.95
CoSn 5.30 3.18 303.6 -14.046 0.21
Max | WC 2.95 2.90 384 0 -2.35
NacCl 4.42 403.9 -1.00
CoSn 5.23 2.97 277.3 -14.046 -0.87
Mean | WC 2.93 2.88 352.7 -2.48
NacCl 4.37 360.2 -1.50
CoSn 0.06 0.13 37.2 0.65
lo WC 0.02 0.02 27.1 0.22
NacCl 0.04 30.8 0.36
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In 2011, arab initio study also looked at the enthalpic stability of the NaCl,
CoSn and F£ phases. The work suggestegFF&as more stable enthalpically than
CoSn. In addition, the Energy vs. volume curves showed that {Ren@es lower in
enthalpy than the NaCl phase. This coupled with the Neutron diffraction studgstigg
that the FgP phase is the correct one. As noted above, the CoSn phase has been noted as
having lower stability when compared to other polymorphs of TaN. In addition, as
researchers have been analyzing CoSn as the correct phase, there handhbtigies
noting FeP phase as a more stable crystal structure and running simulations svith thi
understanding of crystal structfe?® * There is no crystal defect data on the phase or
ab initio study on surface of freTaN. In Figure 6, the amount of motion expected in
the nitrogen’s is shown. Only the basis set is drawn and the arrows shovettiemlir
and amount of shifting of the Nitrogen’s when going from the CoSn phase to,khe Fe
phase.

Few studies have analyzed the interface of CoSn-TaN phase with tespect
metal®* ** The interface strain energy was shown to be lowest for the (O01LCH&N-
and the (111) copper interface at 0.01 eV/atom compared to the (111) Cu énserdlac
(111) NaCl-TaN, (001) T, and (110) BCC-Ta which had 0.33 eV/at, 0.33 eV/at, and
0.26 eV/at, respectivefff. The interface strain is associated with how much the two
crystal structures need to deform to align to adhesion sitesiataiface. Cohesive
energies are lowest for the Cu-TaN-CoSn interface with the Tantaibr(0002)
interface and the (111) Cu interface with the copper’s sitting on top ofiftaltim’s.
Compared to other crystal structures, the CoSn seems to have simitge€ndth the
order of cohesive energy from highest to lowest for the copper (111 piredréing TaN-

NaCl>Ta>TaN-CoSn, but separated by < 0.73/m
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For a mixed surface (tantalum and nitrogen), it was shown that the copper atoms
prefer to sit on top of nitrogen atoms for the (0001) surface of the Te&®-Bhase and
Copper forms strong ionic bonds with the Nitrogen. For the tantalum terminated
surfaces, copper atoms either take the bridge sites or form bridgéosform an
interface that is a mixture of metallic and covalent bonds, thus therdaftpe forms a
mixture of the lattice. Another study has no information on crystal steuof the
system analyzed, but did utilize PVD for deposition of the TaN. The study ssiffyes
need to match cohesive energies of 2 materials and why the currentédingsion
(TaN-Ta) layer is used today. However, the work does show that a Trat&€k

survives the mechanical testifig.

o o 8 8

@ R
O

Figure 6. Figure of the atomic movements of Nitroge @ () and Tanta' ehsThe

arrows show the basis atom movement direction and magnitude of movemei#.to sca
The left, blue box shows the (0001) and the right, red box shows the (0010) with a slight
rotation to allow one to see all atoms.

Interface adhesion of the metal with a metalloid terminated éesdsstronger
for polar interfaces and metal atoms located on metalloid atoms hangestt adhesion
for non-polar surfaces. Matching the adhesive strength and cohesion strength allows for

the barrier layer to be optim#l.Layer matching in a multilayer stack along with
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composition control have been shown to achieve this match both experimanthlly
from models. This is a primary reason why multistacks are used in a I€proglodels
can be used to screen barrier layer selection by analyzing the adimabisghesive
energy trends for various barrier layer metallization schemgsis dissertation will
focus on the ambient phase (CoSn aiPff@s phase diagram indicates stability. This
particular structure has limited studies and there is no known study on the

surface/interface of the system.

Research Goals

The published phase diagram suggests CoSn as the ambient formial cryst
structure at a 50/50 Ta:N composition. This is both supported and negated &y yudi
others®?" *® This dissertation will attempt to assess which crystal striggithe stable
one from ab initio studies and determine if other crystal structures &metaide. The
work will then use the thermodynamically favorable crystal sfinecto assess the
viability of the silver interfacing with the preferred, ambient talstructure surface. If
the calculations show that the system has both favorable absorption andradhesi
enthalipies, then an interconnect with silver and a stable Tamtditride barrier should
be considered as an alternate for future interconnect systems. [Eupbamental study
will be needed to validate the conclusions of the work, but the fundamehthés
interconnect will be shown. In addition to overcoming the limitations ofdalkng of
the current multilayer interconnect systems, the Silver:Tantaltrid&lsystem may
provide an easier, more cost effective interconnect system for the IC yndsistwhole
step in the process flow is eliminated with the removal of an adhegiem I&or this
assessment, as mentioned previously, ab initio methods will be used. Thesrégauc

experimental burden and provides a path to disposition options. The next chlpter wi
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review the Density Functional Theory used to study the system. CHapikkreview
the Bulk Studies of Tantalum Nitride. Chapter 5 will analyze vacaadyisy in the
Tantalum Nitride to understand the phase stability further. Chapter &éssdks the

Adatom and adhesion properties of silver on the stable Tantalum Nitdde p
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Chapter 3
AB INITIO THEORY
First Principle studies are based on Quantum Mechanics which wasqu@abs
developed by Schrédinger. The basis of the theory is that a systefimési dy its wave
function and the Schrédinger Equation can describe how matter b&habestime

independent Schrédinger Equation is git¥en

P (0, oo Opr) = E P, (O, G-y ) 2

Where H is the Hamiltonian ks the Eigen values; gre the subatomic particles, ait
is the Eigen functional. The Schrodinger Equation has 3N spatial coordinatesiioN
interacting electrons of a system and 3M for each ion leading to 3N+3NMbiesrial he
Schrodinger calculates an Energy based on the Hamiltonian opérétdrhe particles

interact pair wise and expansion of the Hamiltonian is given by the folipequation:

—h? 72 Z,e? Z,Z]e
B ORES ORES) S T )
2m, 2M, 24— Ryl 2 i — r,| 2[R — Ry

The first two terms are the kinetic energy of each electron and ionctigspe The next
3 terms are the electron-electron, electron-ion, and ion-ion interaetion,trespectively.
Schrédinger Equation cannot be solved analytically except for the sinsglem.
However, it can be approximated numerically thus numerical techrigungzrovide an
approximate solution.

A key theorem that enables such numerical techniques to be computationally

tractable is the Born-Oppenheimer Theorért. The theorem states that since there is
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such a large discrepancies in the mass of the electrons and the nu¢lthestihia are
effectively decoupled with respect to motion. Electrons are draggéekmuclei and
electrons do not affect the motion of the nucleus. This effect can be shenmate of
motion of the particles with electrons moving at 1 femtosecond and atonatioits
(nuclei motion) occurring on the order of 1 picoseconds$. This reduces the
complexity of the Schroédinger equation to a 3N many body problem. A further
reduction in the complexity was attempted by oth&ré.*® Hartree is based on a central
field theory which can be easily explained by electron screening and propasgiea s
non-interacting particle calculation. It would suggest that the eleartrett from the
ionic core would only sense a partial charge as the rest of the inrteoredarould just
result in the total potential field being lowered. The pairwise ioterss of the electrons
are reduced to a mean field. A major issue with Hartree is tigaioiteés Pauli exclusions
and could allow two electrons to occupy the same spin state.

Hartree-Folk (HF) was built off of Hartree. It accounts for spin and iegos
Fermi-Dirac statistics on the electrons. The calculation regjtive energy calculation of
each individual electron and also handles exchange. Electrons aleanptaty to get to
their lowest energy states in an atom. They will move in unison and wékiseitheir
kinetic energy if it means their potential energy is reduced. Thig éffcalled
exchange. These two techniques impose single particle wavefunctiorrin thei
calculations. An early example of this was the work by Thomas-Fermg;ivs Kohn
created the modern day theorem allowing density functional theory (DF&)used to

solve the Schrddinger equations in a computationally attainable manner.

Density Functional Theory

The Hohenberg-Kohn (HK) theorem and the Kohn-Sham (KS) equations define

the DFT method, and Kohn is considered the father of the tech?ﬁidﬁjeln 1964, the
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HK theorem was developed and states the system energy is a functiteatiorge
density and therefore the ground state (GS) charge density is thesgstemd state
energy’” 3% * 4 The ground state functional can be inverted, allowing ground state
observables to be functions of the ground state functional. There ats tbhe
theorem:
é. Non-Degenerate ground state wave function is unique to the ground state
ensity

2. The key observable is ground state energy and the system energy can never go
below the ground state

3. Kinetic and interacting energies of non-relativistic coulomb systiefitsed by
universal operators on that system.

4. If density functional is held fixed, by determining GS wave and potentiat of th
system is known. (i.e. the whole system Hamiltonian is known)

This method was adapted to determine the Eigen states of the KS Hamiloian.
minimize the ground state energy the sum of the kinetic, interacting andigdotent

energies should be minimized.

The implementation of DFT is done by the Kohn-Sham (KS) Equation.

2

—% W, (1) +vies[n(r ) (r) = &, ¥, (r) 4

Where ¥ are the Eigen functional angs is the KS potential. The Kohn-Sham equation
transforms the many body problem to look like a single particle orbitaleprdbl*® The
basis set is used to expand the KS Eigen Functional and can be classifibe tylaite
wave or local basis sets. This allows single particle theory to bedppiit leads to the
need to apply exchange correlations to describe the interactions ofdinersen the

system. No “direct” exchange correlation functional exists, so approximétmesbeen
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developed to describe the atomic interactions. The exchange corralaiitiorial will
determine the calculations physical “accuracy” and all other compughspecifics of
the simulation will determine the numerical aspects of the calcufétiothe KS

potential {«s) is defined to have the following terms and is acting on the electron density
(n).

VKS[n](r) :Vext(r)+VHartree[n](r)+ch[n](r) 5

The \y(r) is the exchange-correlation functional of the equatighisvthe external

potential (nuclei), Maeeis the Hartree potentiéd.

Exchange-Correlation

There are several methods to estimate the exchange correlatians efes
first approach is called Local Density Approximation (LDA), in whichélkehange-
correlation energy of each local region of space is estimated to ba®thmlexchange-
correlation energy of a uniform electron gas of that density (which carivee so
exactly). 4 in LDA from thevksequation is only defined by the local density of
electrons with a total electron density assigned to the whole system awhi&ham
equation is then solved self consistefitly.

The second approach is the Generalize Gradient Approximation (GGA). The
general difference between GGA and LDA is GGA includes both the locatarle
density and its gradient in estimating the exchange-correlationdaatti There is only
one LDA, but there are many types of approximate GGA’s. The LDA, GGA-PW9land
GGA- PBE are well established exchange correlafidds*® There are additional
methods such as Meta-GGA and Hybrid, but these are beyond the scope of thisidape

can be found elsewheré&* *’
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LDA and GGA appear to over and under estimate parameters. LDA
overestimates the bonding energy and leads to lattice parametensetta@ small by a
few percent when compared to experiments and over estimates the cohesiye e
GGA underestimates the bonding energy which leads to lattice parabwiteys
overestimated and cohesive energy being underestimated by approxinmessynt

percent that LDA calculatéd.*> *8

Planewave Basis Set

There are two typical methods to represent the single partioiefuvections:
Atomic Orbital and Planewave. The Atomic Orbital (AO) actualpresents the local
charge density and one has to predefine the basis set used for the oalcél&tis are
good for quantum chemistry simulations as the molecular orbital oftenikeo&tbmic
orbital and defining them can often be done with a few functions. It is verydard t
ensure the basis set is complete and not selecting the proper AO’s calydemigithe
calculation accuracy and the convergence would be incorrect if treededss incorrectly
defined.

Planewave Basis sets do not need to be defined a prior as do AO basis sets. The
are orthogonal and are complete by themselves. The user sets a cuteyftieste
defines the number of the planewaves, which affects the accurdey adltulation. The
calculations of planewave basis sets are executed rapidly in modern day ctaléhdue
ability to utilize Fourier Transfer Functions from real to momentumespdowing rapid
calculation of the potential and kinetic energies. However, the carfitioé exchange
calculation needs to be carefully considefed.

One example is they place charge where there may be no charge due to the

calculation methods. With that said, PW and AO have been shown to resultamihe s
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ground state energy. This dissertation uses PW's for all calcidasiorall further
analysis will assume them. One reason to select PW’s is due to fligitaiepresent

crystalline materials as one can consider them an infinite slab.

Periodic Boundary Conditions and K Space

An infinite slab allows Periodic Boundary Conditions to be implemented via
Bloch’s theorem, and the periodic part of the wavefunction can be expandéidancte
set of PW’s in reciprocal space. The periodicity allows one to lookiagée cell which
replicates and thus you can ignore the infinite slab issue, but requiresvooktin
inverse space which brings up how to setup the proper K gdifits®

K points are the points chosen in inverse space and the correct choice of k points
is tied to the crystal symmetry. The k points can be reduced so thainigesalculate
symmetrical points. The standard method for this is to use a Monkhourst and Pack
method to select a reduced set of points for the analysis. MP will asscemnering of
the cell and samples in space from that assumption. It has been shown thatsMwligr

not converge if not centered on the Gamma point for hexagonal crystalissiic

Pseudopotentials

Pseudopotentials are commonly used to simplify the problem by replacing the
core electrons with Pseudopotentials which approximates how the cdreredanteract
with valence electrons. This can often be a very good approximation becatise mos
chemical bonding primarily involves only the valence electtdr3.*® This reduction is
needed also to make larger systems computationally tractableaasallow one to treat
a high atomic number species in a similar manner as a smaller onespibtro the

number of electrons that need to be included in the calculation. From a precision
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perspective, the impact to the calculations is minimal when compacdogpplete
electron system to a valence electron system and is on the order Biof @@0impact to
the system if the valence electrons are only used in the calcutjtionsases involving
typical chemical bonding at thermal energies. However, if atoms moveotm® cl
together, then the core electrons can also be involved in chemical bondirgemad-t
electron calculations are needed. In general, the replacement ofecrens with
Pseudopotentials allows a reduction in the planewave sets and thusasprov
computational time.

The Pseudopotentials have several implementations with Ultrasofigpse
potentials and projected augment wave (PAW) potentials being twmaormypes.
Ultrasoft potentials are easily used to describeofv elements and system with d-/f -
electrons are feasible. The PAW potentials take into account feadiates of the
valance electrons and are orthonofia’’ In this dissertation, only PAW potentials are
used as the size of the elements are large. The correct metric fardianPAW
potential is constructed is to validate it with the full-poteritnarized augmented plane
wave (FP-LAPW) and determine how well the PAW reproduces the FP-LrsRWts. It
has been shown that PAW and FP-LAPW reproduce simple atomic constants ¢b <2%
experimental data and in some cases, the FP-LAPW is out performed by as m#ch as

by PAW implementations in VASH: >

Energies and Forces

Static DFT calculations are run where the ionic cores are not allma@ove.
This is basically an electronic density minimization. This studiytésested in atomic
movements and thus needs to be able to reliably determine ionic locdbaits

movements can also be allowed in DFT studies. This requires thmihetiéion of the
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forces and resulting movement of the ions. VASP uses the HellmamB&eyrheorem
to do this and is based on knowing the gradient of the electronic dendityertdathe
ionic species. The implementation for the theorem works in an Wtenratnner where the
ground state energy is calculated, the force on the ions are detkanthéhen the ions

are moved in the direction of the force and then the process is repeated.

VASP I mplementation and Reliability

The software used is the Vienna Ab Initio Simulation Package (VA%P4.6
developed by Georg Kresse, Martijn Marsman, and Jirgen Furthmuller atitleeditat
Wien, Austria. VASP is implemented with a planewave basis set fde gadicle
Kohn-Sham wavefunction along with PAW Pseudopotentials to describe ttr@elmn
interaction for more complex orbital systetis® Ground state electron density and
energy are calculated with a conjugate gradient method. The ced atre forces acting
on the ions are determined by Hellman-Feynman method augmented with atFaday
calculations with minimization done by a quasi-Newton meffictihe exchange
correlation functional used in this dissertation for bulk calculatiwed.ocal Density
Approximation (LDA), Generalized Gradient Approximation Perdew Wang 91 (GGA-
PW91) and Generalized Gradient Approximation Perdew Burke ErnzerG#-@BE)
exchange-correlation functionafs>>**>° The defect cell and surface slab was only
analyzed with the GGA-PBE to save on computational time. The defect and
surface/Adatom calculations used GGA-PBE and used the planewaveaucbya30%
to help ensure proper convergence and avoid Pulay stresses. The an#abysisyas
GGA-PBE will be discussed later after bulk calculations. Ttiedéaconstants calculated

in the bulk calculations were used as input values to the defect ancestafadlations.
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The calculations are divided up into three parts: Bulk calculationsgDefe
calculations, and Surface/Adatom Calculations. The flow was as ®oftaveach of the
calculations and crystal structure analyzed in the thesis:

1. Build cell using experimental lattice constants
2. Select a reasonable K space and increase k-space until the changgyipene

an atom is less than 10 meV/at, unless otherwise noted for the calculate®n. Us

the smallest K space for future runs.
3. Increase planewave cut off and monitor convergence of the energy until < 10
meV/at.

DFT has been implemented in several codes similar to VASP (Quantum
Espresso, Abinit) and there are slight differences between thenepiations.
Ultimately, the theory of DFT needs to be correlated to real world iexpets. The
simulation results must come predict the results seen in the exp&imerld. If the
DFT simulation is correctly done and the error of the real world experisienntrolled,
it has been shown that the techniques result in close agreement.

DFT studies have been increasing significantly in recent years. ch suivey
of publications in the academic space by looking at Web of Sciences sh@ngiessit
increase in the publications in the space and shown in Figure 7. Thegeaph i
cumulative total of publications based on Web of Science data. Thissssigggrowing
number of researchers using the tool, but not necessarily the quality ofalor daits
relevance to the experimental world. For this, | will look at a fewereyiublications.
For instance, crystal lattice constants have been tabulated by Hafrtesuggest that

VASP is capable of matching experimental and theoretical to within E4abf othef?
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Mechanical properties show better than 10% to experimental values Ha#irsr and
Mavromaras> ®° In addition, Adatom absorption energies have been calculated to within
0.5 eV of experimental values with the GGA-PBE.

As mentioned, the results of simulation studies have to be carefulbsadsss to
the real world implications and analysis. Throughout the dissertati@nences to
experimental values will be provided an assessed to the simulated wdwmiitpossible.
These should be used as a guide to the validity and reliability of thesnesatded

where there is no such experimental data or where the experimentalruztaléar.
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Figure 7. Total publications on Density Functional Theory as determinedfoynpi@g
a search on Web of Science.
Geometry

The calculations looked at include several different crystattstress and are
captured in table 6. The Tantalum Nitride was analyzed in a NaSh,Gand F£
phase. For the CoSn andFghases, K space was centered on the gamma point to
ensure k point symmetry was properly accounted for in the calculationstedsatams

of Ta, N, Ag and Cu were run in a larger isolated box. The Tantalum Bulk caloudati
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done a BCC structure. Calculations of Silver and Copper were done on FG@retruc
The crystal structures were visualized with either VMD or Visft

Table 6. Table of the various crystal phases used in this study.

Space Group| International Symbol

NaCl-TaN 225 Fm3m

CoSn-TaN 191 P6/mmm

Fe2P-TaN 189 P62m

Tantalum-BCC | 229 Im3m

Nitrogen Gas NA NA

Silver-FCC 225 Fm3m

Charge Density Plots

The Charge density of the Bulk systems was calculated and provides ingight
the distribution of charge for the system. This is done by DFT calwodaltly assigning
a grid to the system and then overlaying the charge at each point asroeteatrihe
ground state. It is then visualized by either contour plots or 3-D isosarfa he plotting
of the system allows one to see where electrons and charge reside amltteus
bonding is occurring. Historically, plotting of charge was an issue a®theeslectrons
typically would have large values associated with them from a densipegéxe. In the
implementation used, only charge associated with the valance elestmnsided as
PAW'’s only include these electrons and therefore the core electromotvabscure the

plots>® &3

Density of Sates

The density of states (DOS) is a count of the total number of statasmbec
occupy or can occupy by energy level. It provides insight into how the system is
bonding, but needs to be carefully analyzed in doing so. Once the eigenfunctite® (st

and eiganvalues (energy) are known for a particular system, one canaahstidOS.
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By looking at the point where the Fermi-energy occurs, one can distinguishetiadl ov
systems characteristics and whether a system is a conductor {akicrirenature) or an
insulator (i.e. semiconductor or dielectric). If the Fermi-eneggyih a region where
there is no states present and between two peaks in the spectrum, tha imaither
semiconducting or a dielectric. The separation of the peaks deterhhresystem is
one or the other (i.e. large separation is dielectric, small separsmiconductor). If
there are states occurring in the DOS spectrum, then the mest@nedallic. To compare
different system on a graph, it is common to re-align the energiessgbtdims to their

Fermi-Energy’”

Electron Localization Functional

The Electron Localization Functional (ELF) provides a way of understartuing t
location of an electron. It is a scalar quantity between 0 and 1 which has afvafoe o
a vacuum (perfect insulator) 0.5 for a metallic bond and a value of 1 foakenbv
bonding. It will provide how the electrons are populating the spaces in ¢éiPasli

exclusion. The function for the ELF calculation is as follows

ELF = ——
1+ Ky

J(r)

Where K(r) is the Pauli Exclusion Kinetic energy at some distararg] d(r) is the
Kinetic Energy of a homogenous electron gas at the same point in space nckion fis
plotted over top the ionic locations to understand where electrons aré paitot’ The
function is visualized to help understand how the ELF fills space and thesrasaes

can be done to understand how bonding is occurring in a system.
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Bader Analysis

A common method to do charge transfer analysis is called Mullikan analysi
Mullikan analysis needs to have the basis set localized on the ionenéwave based
calculations, such as those used in this dissertation, the plane wanesassociated
with a particular ion in the system. So, the traditional Mullikaalyais is not possibl¥.

An alternate analysis is to use the charge density of the systedivade the
system up into a grid. By then analyzing the planes to see where théeetisadf no
change in the density of the electrons going from one point to the next, one emategr
out volumes. These volumes are called Bader regions. The bader regidhsrcbe
assigned a charge based on the total charge in that volume.

Algorithmically, this is quite simple and the quality of the resuglisdavily dictated by
the incoming grid. Original algorithms would preferentially traceldktece and result in
erroneous division of the bader region. Tang has corrected this anontaly tmeans, 1
increasing the space grid sufficiently to ensure the charge gradieive determined and
also by interpolating slightly off the grid of the charge derfSity.

This results in the systematic error for simple ionic systsuch as NacCl
having charge assignment errors < 0.01 e.

The use of DFT is a very valuable tool for studying materials. &loailations
provide access to the ground state energy on bulk crystals, surfacgst@atand
interface structures. The ground state energy is the enthalpy oktamsat zero Kelvin
and then by applying various analysis techniques, it is possible to explimésva
material systems and propose further research either via additipeaineents or

simulations.
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Chapter 4

AB INITIO STUDIES OF BULK TANTALUM NITRIDE

This chapter of the dissertation provides clarity to which of thetgi¢héometric
phases of Tantalum Nitride are thermodynamically stable at andmeditions. DFT is
used to calculate the lattice parameters; bulk modulus and Heat ddtiorof TaN in
the NaCl, CoSn, and B phases using 3 types of exchange correlation functionals. In
addition, the Density of States (DOS), Electron Localization Functioh#)(&d Bader
analysis were calculated and provide insight into the bonding betweeitribgeN and
the Tantalum. Vacancy formation enthalpies for NaCl-TaN CoSn-TaN aRedTledN are

calculated to help understand phase stability and composition range.

TheVienna Ab-initio Smulation Package (VASP 4.6) was used to perform the
calculations. The bulk systems used Localized Density ApproximationLDA
Generalized Gradient Approximation Perdew Wang 91 and Generalizedr@radie
Approximation Perdew Burke Ernzerhof (GGA-PBE) exchange-correlation
functionals>*>® Projector augmented wave Pseudopotentials were used to describe the
core electrons, and the valence electron wave functions were desdtibadolane wave
basis set cutoff of 400eV for the perfect crystaté The 3 phases are CoSn-TaN (Space
group: 191; Short international symbol: P6/mmm}P~€aN (Space group: 189; Short
International Symbol: &2m) and NaCl-TaN (Space group: 225; Short International

Symbol: Fn3m). CoSn-TaN and NaCl-TaN are documented on the phase diagram.

Bulk Sudies Calculations Methods
The published, experimental lattice constants were used to initiatelall bul

studies, and were optimized by analyzing the energy vs volume curves. @a3hend
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FeP phases are HCP, the choice of a and ¢ were done to ensure that both divecéons
changed by the same amount. The k-space was 15x15x13 and 9x9x9 for hexagonal
phases (CoSn and J&) and NaCl phases, respectively. Systems were converged to <1
meV/at. The k space was gamma centered for CoSn aRdd-avoid issues with the
symmetry of the K space and convergence issues. The NaCl phase Kipeméas
followed the standard Monkhorst Pack method. All three kspaces emeeated using
the Monkhourst Pack method. The Volume and associated ground state energy of the
systems was calculated and fitting to a third order polynomial for ralrdaiculations.

Bulk Modulus, Heat of Formation and Cohesive Energy were calculated for the
CoSn, FeP and NaCl phases. The isothermal bulk modulus (B) can be defined by this

equation of state (EOS):

(%) 7
oV )

Where V is the volume of the material, P is the pressure applied to theainat a
specified temperature. The equation assumes the material responkesanfashion
regardless of the applied pressure direction. The Murnaghan Bulk moduBus&O

used in this dissertation with the cell volume modulated bys®°

Where K is ground state energyy B the bulk modulus at the ground statgjs/the
ground state volume and V is the system volume.isBralue of the bulk modulus first
derivative value at the minimal energy. The numerical approach to sdivgng as

follows:

1. Vary the size of the unit cell by a few percent. In the case of a HCFheelinit

lattice constants of a and ¢ need to be varied independently.
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2. The resulting curve of Energy vs. Volume is fitted via a least sqtesksique

to the Murnaghad equation.

Materials can and do behave asymmetrically with respect to dmhlesses
vectors (i.e. applying stress to a unit cell in a particular veatbdistort the cell a
different amount as compared to stress vector in a different vedtoly asymmetric
response is due to the crystal structure of materials. Catmdatiere carefully analyzed
in the Energy vs. Volume curves to ensure this does not happen by only modtlating

volume of the whole cell in fixed steps.

Heat of formation (fJ was calculated using the following formulafioR®

Era — Nty — Mity

H' (:uTa’luN) ~

m+n
total 9
Uy = O.5EN2
total
Hra = B gk

The B, E?\,, and B, s, are the enthalpies of TaN (bulk); fgas) and
Ta (BCC), respectively and n are the number of Tantalums in the li@ihdam is the
number of nitrogens in the unit cell. Reference chemical potentiad stat€a and N
were considered to be Ta-BCC ang(¢as), and were also calculated using VASP. Ta-
BCC had a k-space of 11x11x11 with Monkhourst Pack with a planewave cut off of
400eV and gwas 3.30 Ang with convergence to < 1 meV/at and found to have chemical
potential of -11.8653 eV/at. Chemical potential fomiis calculated in a large
supercell box of 20x20x20 Angstroms, 1x1x1 k point with a planewave cutoff of 400 eV
and found to be -8.2996 eV/at with a bond length of 1.109 Ang.

The cohesive energy is the energy needed to dissociate theairiaterisolated

atoms.>®
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EC — i=1..N 10

Where E is the Cohesive Energyiis the ground state energy of the unit cel}.isH
the energy for the individual, isolated atoms of the system. The cohesivg givery

the difference between the ground state of chemical materialseadhgy of the isolated
species and provides a measure of the energy needed to dissociatethe {5

would be an important metric where vacuum based depositions are involveas Ri¢b
or CVD. Cohesive energy and heat of formation provide similar infoomatn phase

stability, but with different reference states.

The Density of States (DOS), Charge Density Plot and Electron Ledaliz
Functional (ELF) were determined and analyzed for both the NaCl and hexag®ses pha
(CoSn and F£) with the k-space increased to 21x21x21 and 21x21x19, respectively.
The DOS for all systems was shifted so the Fermi-energy was zero. arge density
and ELF plots were qualitatively analyzed with the Visual Molecularainics (VMD,
version 1.8.7) prograftl. To quantify charge and ionic radii, a Bader analysis was
completed on the system with the Fourier transform grid increaseficgigtly. The
NaCl had a 210x210x210 mesh, the CoSn had a 224x224x125 mesh, ant thad~a
240x240x140 mesh. All calculations used a GGE-PBE exchange correlation functional.

The analysis was based off the fast algorithm described by®Tang.

Lattice Calculations
Table 7 has results of the lattice parameters for all thre@gplagésng with

published experimental values (at room temperatureglamtio studies in the
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literature. In general there is good agreement between the culcedatians and
experimental data and previous calculations. All the lattice consterglsmined in this
study are within the published rangeabfinitio studies done in prior art. NaCl shows an
increase in @gfrom LDA to GGA-PW91 to GGA-PBE. CoSn shows a smaller change,
but the same trend fog.aFor @, the order is changed slightly with order from smallest to
largest being LDA to GGA-PBE to GGA-PW91. ThefFE@hase has the LDA being
slightly smaller when compared to the GGA-PBE and GGA-PW91, but the G&A ar
fairly close together with only the showing a difference between the two potentials. In
addition, the Fe2P and the CoSn lattice constants are close to emxchnotho the
experimental values for CoSn. LDA typically over estimates the lpythad thus
underestimates the lattice constants, whereas GGA-PW91 and GGA-PBEideerse,

and that is what is observét>*

Table 7. Results for the lattice parameters, previously pulllstoelies and experimental
results found in the literature. All Values in Angstroms.*All experirakbwalues are at
Room Temperature.

NaCl CoSn F&P

% 53 G 59 Co

Study 4.353 5.17 2.92 5.15 2.87
4.235(TaN.y)*
LDA 4.2928 (TaN;)*
4.326°
4.33°

Lit 4.357° 5.1546° | 2.8906°

GGA-PW91 | Study 4.3978 5.22 2.94 5.22 2.9]

Study 4.424 5.27 2.93 5.22 2.92
4.3958°¢
4.406%

5
GGA-PBE 4.418°
4.414
4.414° 5.22%° | 2.92%°
4.415°3 5.2382 | 2.913? | 5.226% | 2.92%
Lit 4.42° 5.297% | 3.175° | 5.229° | 2.918°
Experiment* 435’ 5.186" | 2.9T"
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The Energy vs. Volume curve (Figure 8) suggests that ke ptease is the
preferred thermodynamic crystal structure of the three, by ~ 0.3 eVatheiorder of
the stability being Fe2P > NaCl > CoSn.. This relative staldligpnsistent for all three
exchange-correlation functionals. This calculation is consistent witbhbee diagram,
as the NaCl phase does not occur until high temperature. Figure 8 sbd®&Eth

calculations; the results are similar for LDA and GGA-PW91. .
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Figure 8. Calculated energy vs volume curves for the NaCl, CoSn ghglrases of
Tantalum Nitride

Bulk Sudies - Modulus
The bulk modulus calculations are shown in Table 8 alongside the experimental

values for bulk modulus. The experimental data is taken at room tenmpeaatlit
should be noted that there should be a small increase in the modulus atlgard’KFor
example, Silicon Nitride (80N,) experiences a 2% increase when going from room
temperature to 30 R

In general there is reasonable agreement between the presestamsul
experimental measurements and previous calculations. For all tetieeds (LDA,
GGA-PW91, GGA-PBE) the results are in close agreement with exgrariior the FgP

phase (when the measurement was done, it was believed to have been é&rthe C

41



phase, but it was likely to actually have been for the pbase). For the CoSn phase,
the comparison of the present calculations with experiment is slightsevior the LDA
and GGA-PW91, but this is likely due to the experimental value being foetRephase,
not the CoSn phase. For the NaCl phase, the three methods are in reasoeaivierdg
with the experimental value, with the LDA having a slightly lower value taad>GA-

PBE having a slightly higher value.

Thermodynamic Properties Results and Discussion

For Cohesive Energy, the order of stability is Fe2P>CoSn>NaCl with the
difference between the phases being 0.2 to 0.06 eV/at for all exchangatorrel
functions studied as shown in Table 9. The only published value fourttefoohesive
energy is derived from a different calculation than what was used here asé&ththe
fitted energy minimum from the bulk modulus calculation as the cohesivgyersdue®

The Heat of Formation calculation suggests a similar result aotiesi@e

Energy, where the CoSn phase is metastable when compared to the NaClRghasoth
Cohesive Energy and Heat of Formation;HFis the lowest.
Table 8. Abinitio results for Bulk Modulus (GPa) for the 3 phases, experimentally found

results and published ab initio values. *Experiments are at Room Temper#tdihe
value listed is for a phase which was believed to be CoSn, but could have Jeen Fe

NaCl CoSn Fe&P
Study | 341.74 280.78 327.87
LDA Lit 379.6*
403.88°
GGA-PW91| Study| 297.79 268.32 333.61
Study | 394.57 317.87 322.09
327.@2
GGA-PBE Lit 3;?7'3373 251335 32032
2450 303.6 319
3758
Experiment* 349# 320 + 117+
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Table 9. Calculated Cohesive Energy for NaCl, CoSn aji fleases

NacCl CoSn Fd°
LDA -10.71 -10.53 -10.96
GGA-PWI1 -9.6 -9.46 -9.83
GGA-PBE -9.45 -9.39 -9.78
Ab Initio Studies -13.38° -14.05%

The results for Heat of Formation are listed in Table 10 for allgzhasd include
experimental and theoretical literature values. For the presentatains, all three
methods (LDA, GGA-PW91, and GGA-PBE) find that the heat of formation issiafgie
the FeP phase, suggesting that it is the most stable. The calculated wailtiesFgP
phase are in good agreement with the experimental value, which was balibecibt a
CoSn phase, but likely could have been th¢Fdhase. There is no experimental value
for the NaCl phase for comparison, but since it is less stable atmopetatures it must
have a lower heat of formation, consistent with the present calcula&lbthree methods
find that the heat of formation is slightly larger in magnitude foNB€EI phase
compared to the CoSn phase, in agreement with previous calculations for heat of
formation, and contradicts the Cohesive Energy results of Cao.

FeP appears to be the more stable phase when compared to CoSn. The location
of the Tantalums is the same between the two crystal structureshdinge in the
distance and a symmetric distribution of the Nitrogens in thie Steucture is the
difference. For the two crystal structures, it can be seen that tedrecatypes of
Tantalums as shown in figure 9 and labeled to highlight the two typgéentdlums in the
two crystal structures. The redistribution of the Nitrogens is #orefor the stronger
bonding occurring through the fRestructure. In addition, the difference in the Tantalum

bonding should be obvious in the bond and electric characterization.
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Table 10. Abinitio and experimental results for Heat of Formation (eV/atom) for the 3
phases. *Experiments are at Room Temperature, and the value listed phéseavhich
was believed to be CoSn, but was probabhPFe* Values were calculated based on
functional units of TaN and not atom based.

NaCl CoSn FeP
study -1.33 -1.15 -1.58
-1.29°
LDA Lit -1.305" 1117
-1.39 (TaN )% -1.11%
-1.4 (TaN.o)*®
GGA-
pwor | Study -0.98 -0.856 -1.22
Study -0.872 -0.809 -1.20
-0.863"6 0.1 5
GGA-PBE | | . -0.875 07485 -1.185
-0.976° a2 -1.195°
e -0.8
Experiment -1.3%

. S Tantalum

o OS Tantalum
@@ @

Figure 9. Location of different types of Tantalums compared to Nitrogthe CoSn
and FegP phases based on Basis set.

Density of Sates, Electron Localization Functional and Bader Analysis

The Density of States (DOS) are shown in Figure 10. Based on the DO, Na
FeP and CoSn are metallic and are comparable to other ab initio stutfié§ The
large number of states in the -10 to -3 eV region suggest a signditanint of covalent
bonding occurring between the N2p and the Ta5d. As there are 2 types of tantalums in
the FgP and CoSn phases, both are shown and the DOS shows significant diffarences i

the DOS of the Tantalums in the CoSn’s and the Ta-2 atom having dreatiing than
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the Ta-1 atom. The Fe2P phase suggests that this bonding differeyssevigién
comparing the Ta-1 to Ta-2 DOS’s. The NaCl DOS suggest a significannaof
states at the Fermi level which is dominated by the Ta5d otbitals

The Charge Density and Electron localization functional were plotted a
analyzed and shown in Figure 11, 12, and 13. The ELF and Charge density plots indicat
the NaCl-TaN bonding is ionic with charge residing on the nitrogen as thete atker
electrons associated with the other ionic species. The CoSnkEeafjeadensity shows
the bonding to be occurring between the Ta-2 and the Nitrogen. The ELF suggests t
bonding occurring between the Nitrogen and Ta-2 is metallic to ionic. TRecharge
density of this system suggests there is bonding occurring similatlye@rantalum’s to
the Nitrogen’s.

The Bader analysis results are shown in Table 11. For CoSn g@hdiaatalum
1 is located on (0001) and Tantalum 2&3 are located on (0002). The charge on each of
the atoms is based on taking the difference of the valence eleasrde$ined by the
PAW'’s and subtracting the number of electrons as determined by the an@bysialum
has 11 valence electrons and Nitrogen has 5 valence electrons. Feeadltthctures
there is a large transfer of charge from the Ta to the N, but for the CoSe,Bnd F
structures there is a difference between the two Tantales) gitth the CoSn having a
larger difference between the two Ta sites (1.4 electrons) thha FeP structure (0.6
electrons). The radii and Bader Volume follow a similar trend winer& antalums have
a larger difference in the CoSn phase compared to e Féhas a larger radius in the
NaCl phase than in the other two phases. However, the Bader Analysjsariel

volume vs. energy curves supportfFas the more stable phase
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CoSn - Ta-1
CoSn - Ta-2
CoSn - N

-10 -8 -6 -4 -2 0 2 4

CoSn Phase

e Fe2 P - Ta-1
e Fe2P - Ta-2
Fe2P - N

Fe,P Phase

NaCl- Ta

NaCl Phase

Figure 10. Density of States of Tantalum Nitride. The three phasearapptallic.
Fermi Energy for all three phases is shifted to 0 eV.

The percent ionicity was calculated based on Equation 11 as shown below.

.. _ L . 2
% Iomczty =1—¢ 0.25%|Electronegativity dif ference| 11

Nitrogen and Tantalum have an Allen Electronegative of 3.066 and 1.3dcties}y.?
This means the % ionicity of a Ta-N bond is 53%. The structure shxhilaitenore
covalent bonding than an ionic bonding. The calculation ignores the fadighare

two types of Tantalums in the system.
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Figure 12. Iso-contours for the Charge Density and Electron LocafiZatioctional for
CoSn-TaN.
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Figure 13. Iso-contours for the Charge Density and Electron Localizatrartiénal for
FeP-TaN.
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Table 11. Bader Analysis Results for all 3 phases.

NaCl | CoSn| F&

1 10.20| 9.67

Valence Tantalum | 2&3 | 9.06 | 8.77 | 9.04
Electrons Nitrogen 6.94| 6.75] 6.75
1 1.94| 0.80] 1.33

Tantalum | 2 &3 2.23 | 1.96
Charge Nitrogen -1.94( -1.794 -1.7%
Bader 1 11.56| 17.95| 14.85
volume Tantalum | 2 &3 10.39| 11.44
(Ang®) Nitrogen 11.45 10.58( 10.48
1 1.12] 1.28| 1.03

Radius Tantalum | 2 &3 1.04| 1.07
(Ang) Nitrogen 1.11| 0.99] 0.97

Summary

The existence of the B phase for TaN has been noted in experimental work
andab initio work has proposed this phase over the CoSn pffa¥e®® All three
exchange-functionals result in the same relative order of stalflgP>CoSn>NaCl.

This is consistent with one study by Zhao who investigated all thresses using one
exchange-correlation functional PBE-GGA and consistent with two athamitio
studies finding CoSn metastable when compared to eithBrdfeNaCF" *® The
stability of the phase has been shown over three different exchandatiorre
functionals.

The bulk studies show good agreement with experimental lattice constaaits fo
three phases. The Bulk modulus for thePHeghase show reasonable agreement across alll
of the methods and appear close to the experimental Bulk modulus repottesl G@Sn
phase, but probably was the Fe2P phase. Tiieptese has the lowest Heat of
Formation energy across all methods. In addition, the Bader Analysis findsethab
Ta sites in the the K@ phase have more similar charge than in the CoSn structure. The

Bader Analysis is qualitatively supported by the ELF study. FigutgoSsaows the
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different Tantalum’s determined by the ELF, Charge Density Plots and BadBbfsis.
It would be expected that these different Tantalums would have differearica
formation enthalpies and that the (0001) and (0002) surfaces should bendliffier
energy.

For the next chapter, we will focus on just one functional, to reduce
computational cost and since the three funcationals give very singildisreWe choose
the GGA-PBE, since it yields slightly better comparison with experirfiesit, looking at
the lattice constants and bulk modulus, the GGA-PBE comes very cltege to t
experimental value for the CoSn angfFehases. Second, the focus of the surface
studies is on the CoSn and,Pghases as these are unexplored and one of the crystal
structures is the ambient system. It should be noted, if the author wasteddn the
surface of NaCl-TaN, a different conclusion is reached and the LDA egeha

correlation function would be used.
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Chapter 5
POINT DEFECTS IN BULK TANTALUM NITRIDE
Crystal materials have point defects which result in differensiphly
phenomenal possible, such as diffusion and atomic re-arrangement to ottar crys
structures. The defects in a material can significantly altentezoscopic properties.
Examples of this are semiconductor doping and electrical propertiesadish glide
and yield strength of materials. There are several types of poadtsi@icluding
interstitials, vacancies, and anti-site defects. This work is focused mtrdpéects of the
CoSn, FgP and NaCl phases. There are 3 types of vacancies in the hexagoadl cryst
structures as can be seen in the basis of the crystal and in Fgufée NaCl phase
forms a eutectic with the Ff@ and the TN as can be seen in the phase diagram. The
vacancy formation energy is a very important factor in determiningaimposition
range of ordered compounds like NaCl, CoSn, and Fe2P, and will be investigated in this

chapter.

Defect Analysis Methods
Point defect stability in tantalum nitride will be assessed for Cah- The
vacancy formation energy {Hs defined as the energy needed to form a vacancy and is

calculated as follow?$

n-1
Ef :(Enl__Enj 12
n
Where E is the energy of the system without a vacancy, n is the number of atoms in the
system, and f is the energy of the system with a vacancy.

As TaN is a binary compound, the Energy of Formation for the defect is then

related to the chemical species that is
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Efx = Evécc,n—l - En + /JX 13
Where the Energy of Formation with respect to fecsgic vacancy species is defined
the energy asalculated with atomic species missing, in thissCBantalum or Nitrogen

E. is the calculated energy of the system with no Regaancu is the chemical potenti

of the species removed from the syste

{0100) (0001)

G0
HONCY

CoSn Phase

Fe,PPhase
@
©
@
©

Figure 14 Crystal structures for CoSn and2P TaN. The Nitrogens Q) and
Tantalums @) shifts can be seen in and are slight betweetwbehases. The Tw
types of vacancies are highlighted in the diagrafemtalum Vacancy location 1
circled in Green and Tantalum Vacancy location @ngled in Orange.

The chemical potentials of the system are constdaby looking at the syster

energy and comparing the summation of the chemigi@ntials of the systems defin

by the following in a binary syste

E, =xu™+yu" 14
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Wherep® is the chemical potential for chemical species X (Ta or N) andne, tha
number of species in the compound. In addition, the chemical potential could ke looke
up in various thermodynamic tables or calculated from first principles.

For calculations involving more than 1 vacancy, the equation becomes

X X
EX — EVacc,n—m B En +mu
P =

15

m

Where the equation is the same as the single vacancy formation eneglyieisc
corrected for m number of vacancies. The calculation is done only withatbieTdN
phase as it is the only one that suggests it is stable off stoichyome

The crystals were 96 atom systems, GGA-PBE exchange correlatatiofah
and planewave cutoff at 520 eV was used as the crystal systehawalla vacancy in it
and the planewave needs to be expanded enough to ensure convergence in the vacancy
location as advised in the VASP manual. A 5x5x3 K space with Gamma cemtasng
also used. A conjugant gradient method was used for the relaxation otén@ syith 8

ionic steps at a minimum and converged to < 1 meV/at.

Con-TaN Vacancies

In this study, the vacancies have positive formation energy as shown enIpabl
indicating vacancies are enthalpically unfavorable as expectdale T3 summarizes the
atomic movements during relaxation. The Ta vacancies have a highetidarerergy
associated with them compared to the Nitrogen vacancy. The nearest neighbor
movements are shown for the surrounding lattice, atomic movementSafefict types
in Figure 15.

The Nitrogen vacancy (J has a reduction in the supercell volume with a

reduction in the (0001) area, but an increase in the [0001]. ¥lsbdivs a large
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displacement of the surrounding nitrogen atoms around the defect cestiemnasin

figurel5. The tantalum atoms nearest neighbors show little movertaivieréo the

nitrogen atom. The nitrogen atoms are drawn toward the defect center and show a

symmetric response around the defect center. The Nitrogen isystigiatler than either

of the Tantalums and therefor would move slightly easier than either.
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Figure 15. CoSn-TaN Nearest Neighbor movements around vacancies. tibigemé
( @) Tantalums @ ), and Vacanie® ) are shown.

The Tantalum-1 vacancy ¢Y,) type defect resulted in little change in length in

the (0001), but a small increase in [0001], which results in a smalharetse in the

crystal volume. The Y4, defect results in a symmetric movement of the Ta and N

nearest neighbors away from the defect center as shown in Figure 15. masNnathe
same (0001) as thery; defect symmetrically moves away from the defect center at the

same magnitude. The Tantalum atoms on the [0001] direction above and below;the V

move away from the defect center. This system repulsion seems toailiittief
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reduction in the overall super lattice size and would result in avVaggncy in the center

of the crystal that could allow for easy movement of other defect tylpesELF and

Bader Analysis suggest that the Ta-1 location is less bound than thedati@rl to the

N as noted in Chapter 4.

Table 12. The enthalpy of formation for vacancy formation eneigita® crystal phases
studied. NaCl has 64 and 63 atom cells for perfect and defect systqrastivedy. The
hexagonal phases have 96 and 95 atoms for the perfect and defect crystalsyespe

Formation Crystal Vectors Vol

Phase | Cell Energy (Ang) Ci” V30| Change (;J/;VOI
@) [ x [y [z | A9 | (ang) | “hanoe

Base 8.85 692.24
NacCl Vi 0.108 8.84 690.82 1.42 -0.2%
V1, -1.508 8.82 685.73 6.51 | -0.9%

Base 10.54| 10.54| 11.71| 1126.05
CoSn Vi 1.28 10.49| 10.49| 11.73| 1120.96 -5.1 -0.45%
Va1 1.00 10.54| 10.54| 11.72| 1126.40 0.4 0.03%
i 2.57 10.51] 10.51| 11.72| 1120.32 5.7 -0.51%

Base 10.47| 10.47| 11.7 | 1110.51
FeP Vi 3.07 10.45| 10.45| 11.72| 1108.30| -2.2 | -0.20%
V1a1 3.48 10.47| 10.47| 11.67| 1107.14 -3.4 | -0.30%
A 2.51 10.46| 10.46| 11.68| 1107.03 -3.5 -0.31%

The Tantalum-2 Vacancy /. ) shows a reduction in the supercell volume with

a reduction in the (0001) area, but an increase in the [0001] dimension. . taeléct

shows movement of nearest neighbor Ta atoms towards the defect ceanteewit

nitrogen moving very little as shown in Figure 15. The difference in theahd Vi,

defects suggest a potential preferred path for vacancy diffusion aniiusicel

diffusion. The M, defect shows a greater release of energy upon relaxation than all of

the studied defects. This is consistent with the ELF and Baderiabgults as these

two types of Tantalum sites have different bonding natures in thalcagsTa-2 has the

largest positive charge on it.
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Table 13. Assessment of supercell distortions for Vacancy defedtperfect cells. NN

is Nearest Neighbor for CoSn vacancies largest absolute movetiigeredeperfect
crystal position.

i Largest Total
. | Largest atomic _
Vacancy| Largest atomig i absolute species
movement | Position .
type movement : movement moving
species
(Ang) max
Towards ,
Vi defect center Nitrogen 2nd NN 0.083 4
Away from .
defect center Nitrogen NN 0.156 6
Away from Mirror
Vio, | defectcenter| 'antalum Ta 0.156 2
Towards
Vi, | Defectcenter| rantaum | 2nd NN 0.188 6

Fe,P-TaN Vacancies

The convention of naming the vacancies was maintained from the CoSn phase.
The defect energies are all larger than the CoSn phase defects, whith tiney are less
favored to form energetically compared to the CoSn phase defects. €bestledies
were repeated with a slight increase in the crystal lattice diowetsiensure the values
reportedly converged the same and there was limited numericalmdmgecalculation.
It should be noted that the crystal lattice did not change much with the vdagreasing
by 0.2% to 0.3% for all 3 vacancies. The tantalum vacancies showed a |largaisde
compared to the Nitrogen vacancy volume decrease. The majority of theevdhamge
is associated with a compression in the Z axis for the tantalums andrtigemishowed
~ 0.2% reductions in all directions.

The nearest neighbors of the defects in th® Bepercell, showed no movement.
The Tantalum in the (0001) shows similar energy released comparedittyagen, but
greater than the energy associated with the other Tantalum yacHme Bader analysis
suggests that the Tantalum is larger compared to the other tantalunuamebuld leave

a larger vacancy in the system. A¥should be more stable as it would create less of a

55



volume change. This would be balanced by the fact that the Ta-2 has a diftentuer

of bonds to the Nitrogens when compared to the Ta-1. The Ta-2 should leage great
number of dangling bonds associated with the surrounding Nitrogens. Comparing the
Bader analysis results to the defect formation energies caldidhow similar trends.

The Vacancy Energy of the CoSn phase show wide variance between thedwo site
compared to the Fe2P, similar to larger variations in the ionigehd he V., defect is
lower in formation energy than the,\ér V., defects. The Bader analysis suggests that
the Nitrogen and Tantalum-1 have less of an absolute charge when compared to the

Tantalum-2 species.

NaCl-TaN Vacancies

The NaCl phase has small, but positive formation energy for thegsiir
vacancy. The Tantalum vacancy in the NaCl phase shows a reladirgdy hegative
enthalpy for formation, so formation is very favorable. This was stddi¢her by
removing additional Tantalums for the 64 atom cell. Supercells with Two and 8
Vacancies were created, corresponding to compositions of 48% and 43%&xtivedy.
The two vacancy cell involves placing the two vacancies fare from onleeandthe 8
Vacancy cell was evenly distributed in the 64 atom cell by using thenttahe cell is
made up of 8 smaller cells. Since the vacancies are charged, ityisHeiethey would
distribute evenly to maximize their separation. The 8 vacancy cedlspmmds to a 43 at
% which is the eutectoid point for the NaCl structure. . The resuite efdditional
vacancies are plotted in Figure 16 and the Enthalpies are promidetblie 14. Since the
NaCl phase forms at high temperatures, entropy effects are signifioaht ideal
Entropy of mixing was added to each of the cells by a calculation of thgaational

entropy using Boltzmann’s Entropy formula:
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S=kL (—) 16
ANy

Where S is the entropy ks Boltzmann’s Constant, N is the total number of sites in the
cell. N is the number of sites either occupied by Tantalum or Nitrogen. Tiopgid
then input into a Gibb’s Free energy calculation with G = H —ST where H &nthalpy
and T is the temperature. The analysis was done at the eutectoetdaame (T = 1993

K) from the phase diagram. The Figure 17 shows Enthalpy and the Comdigalrat
Entropy. The result is a drop in the Gibbs energy for the Tantalum nitrice. clihe

shift in of the Enthalpy+Entropy curve would be more if one adds in the igibaht
entropy component (not calculated), and would shift the eutectoid poind®adower
composition, and would increase agreement with experiment. .

Overall, the results show that vacancy formation is favorabtleei NaCl
structure. The difference in Gibb’s free energy is small a@egsle composition range,
from 43% to 50%, consistent with the experimental phase diagram which shothethat
NaCl phase forms from 42 at% to 50 at%..

Nitrogen vacancy has a small volume change. The Tantalum vacancy tges a la
change volume and largest of the studied vacancies. For the Neagtgiddei(NN) for
Vy in the NaCl phase moved inward by 6% and for thevelcancy, NN moved inward
by 2%. This is comparable to other studies which found a 7 to 10% and 3 % in ward

movement for the ¥ and 4, respectively.

Summary
The enthalpy of vacancy formation shows thgPHghase to have larger energies
for ions to be removed compared to the CoSn phase, which is consistent Wit he

phase being more stable. The high vacancy formation energy on the Ta aasl N sit
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suggests that Fe2P would exist as a line compaunidh is what is observed on t
experimental phase diagram. In contrast, in th€ls&ucture, vacancy formation on 1
Ta sites is favorable, with only small ferences in Gibb’s free energy from 43% to 5
N, which is consistent with the experimental phdisgram showing that the Na

structure forms from 42 at% to 50 a
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Figure 16. NaCIFaN 64 atom supercell showing location of vacancldpper left is te
perfect crystal. Upper right has a single Tantaltamancy. Lower left has 2 Tantalt
Vacancies. Lower Right has 8 Tantalum Vacanciasqu by repeating an 8 atom latt

The Nitrogen @ Jrantalums @), and Vacancies® ) are shown.

Table 14.Table of the Enthalpy for additional vacanciesti64atom supercell of Na-
TaN.

Enthalpy Cell Vol Vol Change %Vol
Cell (eVl/at) & (Ang) (Angd) (Ang’) Chang
Perfect -10.94 4.424 692.24
Vi -10.98 4.42 690.82 1.42 -0.2%
V1, -10.95 4.41 685.73 6.51 -0.9%
2V1, -10.97 4.40 679.87 12.37 -1.8%
8V1, -10.82 4.30 637.41 54.83 -7.9%
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Figure 17. Graph of the Enthalpy and Gibbs Free Energy at1993K (Enthaigyopye
Config) curve for varied atomic compositions of the NaCl-TaN phase.
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Chapter 6
TANTALUM NITRIDE SURFCE AND ADATOMS

As the metal interconnects can be formed by atomic deposition techniques,
adatoms begin the early stages of nucleation and interface formatioie surface,
diffusion, re-arrangement and interlattice changes attempt to logveystems energy.
Atomic deposition techniques are constrained by these physical phenomera from
thermodynamic perspective. A key to this is the understanding of the Tialdesand
Adatom adhesion. Adatoms drive the way interfaces may form as they prusiiglet i
into how two different elements may interact at an interface.

This chapter first calculates bonding energy between isolated (g ghagle
atoms of Tantalums and Nitrogens to a single Silver atom. Then theeerfergy of 2
close packed surfaces of,PeTaN are calculated and assessed as a function of partial
pressure of Nitrogen to understand which surface will be stable in a vaovironenent.
Next a study of the absorption enthalpies for Silver adatoms will be domel¢ostand
which sites are preferred for adsorption, including single atoms,datoras, and a sub-
monolayer. Finally, a calculation of the thin 4-layer slab of sitwea Tantalum Nitride
surface will be calculated to understand the interface of TantaitrirdeNand Silver thin

films.

Bond Energy calculations

A single atom of Silver was placed in a large supercell with eithantalum or
Nitrogen. The molecule was allowed to relax. The k-space is set at 1xtxdliag to
the standard method to assess isolated atoms or isolated molecules. Thgesxcha
correlation functional used was the GGA-PBE. The planewave cutoff Aistzeavere

increased to ensure convergence which was determined to be < 1 meMiag. 1Big
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shows the results of the convergence which was very stable acroafcthiations. The

Bond energy was determined by the following equation

Egona = EAg+Ta orN— Erqorn — EAg 17

Where the Bond Energy and Calculated Energy a§@, Bnd BRgy: taor n respectively.

The isolated atoms,tE, nand By are the same values as used in the Cohesive Energy
calculations of Chapter 4. The Tantalum-Silver bond energy was determibed2.93

eV and the Nitrogen-Silver bond energy was found to be -4.47 eV at a planewatfe cut
of 520 eV. This is a theoretical value for a bond between the two eleamehpsovides
insight into which bonding sites may be preferred on the surface of tit@ldra Nitride.

In this case, it suggests that the silver will prefer to bond to nityog# tantalum. This

will be taken into consideration when looking at bonding sites for surbesmion

studies.
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Figure 18. Energy convergence for bond energy calculations for Nit&ityem and
Tantalum-Silver.

Surface Energy Calculations
This study looks at the stability of the close packed layers of iretbe
determine which surface is thermodynamically more stable. TheBesamfaces that

were analyzed in this study, the (0001) and the (0002). The (0001) is a mircyeNit
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and Tantalum surface which has a ratio of 2:1 and is Nitrogen rich. The (08@2ZEess
only Tantalum. The method to calculate this was to use 2 different slabs véremet
stoichiometric and correct for the differences as noted in the swdaten.

Surfaces can have reconstruction and/or relaxation. Surface rataxatbves
the inter-plane distances contracting or expanding to help compenstie $oiditional
energy associated with the exposed surface. Surface relaxatios incthe plane of the
exposed surface and atoms move in the plane to compensate for the loss arfetste ne
neighbors. The reconstruction/relaxation energy can be calculated, but oakjrigyan
un-relaxed slab with the exact same terminations on both sides &dlirend then

computing the relaxation of that stib

_ (B —E) 18
R — NS

Where E is the energy associated with the relaxation or reconstructigiis the Energy
of the slab un-relaxed an&&s the energy of the slab after relaxatiogis\the number
of atoms involved in that relaxation.

Slabs of FgP-TaN terminated either with the (0001), (0002) or mixed surface
were analyzed. The lattice constants used were the ones calculatedonspchapters.
The (0001) slab had 88 atoms (40 Tantalums and 48 Nitrogens), the (0002) slab had 80
atoms (44 Ta and 36 N) and the mixed slab had 1:1 stoichiometry with 96 atonmg Usi
the 96 atom slab which had both (0001) and (0002) surfaces the vacuum layer was
determined and expanded until the energy converged (< 0.3 meV/at) and was 11 Ang for

all calculations. Results of the vacuum expansion are shown in Figure 48aamnd
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convergence of the slabs energy even at 7 Ang vacuum thickness. A taickem

(11Ang) was selected to allow for the Adatom experiments to be run.
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Figure 19. Graphs of the Vacuum expansion calculations of the Fe2P 96 Htain ce
different scales. Left side graph has the bulk cell energy/agtfienence included in it.

To compare the surface energies between the two slabs, the followivegide

is provided starting from an equation to calculate surface effergy

1 19
o= (Esiap — Xralre — XNy + PV —TS)

Where A is the surface area of the slaf,,E the energy of the slab. P, V, T and S are
the pressure, volume, temperature and entropy, respectively. The number ffi@nta
and Nitrogens in the slab are,&nd x,, respectively. The chemical potentigis,(and

un) are for the chemical potentials of the elements in the compourath. iriitio

calculations, T = 0 and PV ~ 0 and the equation is then

20

IR

o= (Esiab — XTalTa — XNUN)

The sum of the chemical potentials should be the chemical potentiaéfootpound
(ura + N = pran) @nd therefore the chemical potentials for the elements should be less.

py < pyem 21
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Where Y is either Ta or N. This is true or else the compound is not themaraibally
stable and would decompose into its constituents.al-omitio studies, the Gibb'’s free
energy is the enthalpy (G = H - TS = H) as the calculations are ddne @tnd the
Enthalpy and Gibb’s Free Energy are equivalent to the cohesive energystém. This

gives the chemical potential for TaN.

Hran = Hra + Uy = KEE™ + u§fe™ + AHrqy 23

WhereAH+.y is the Heat of Formation for TaN. Heat of Formation was calculated
previously as calculated in Chapter 3 and was -1.19998 eV/at with a GGA-RBE PP
planewave cutoff of 520 eV, Kspace of 15x15x13 and gamma centered. In this case,
Nitrogen is assumed to be in the gdis state and Tantalum is in a BCC solid. Ta-BCC
had a k-space of 9x9x9 with Monkhourst Pack centering @faliad to be 3.32 Ang
with a planewave cut off was 520 eV using a GGA-PBE exchange correlatiiofah.
The chemical potential was found to be -11.8324 eV/at. Fortlgad\ planewave
cutoff was set at 400 eV in a 30 Ang box and found to have a bond length of 1.11 Ang,
and chemical potential was found to be -8.2996 eV/at.

By placing equation 6.6 into equation 6.4, a relationship between surface energy

and chemical potential can be shown.

1
o= A (Esiab — XraMran + (X170 — XN)UN) 24

Using this equation, it is possible to understand the relative suf@ergies of various
planes based off this equation at 0 K and in a vacuum. Figure 20 showstihe rela

stability with varied chemical potential of Tantalum. It sugjgehat the (0001) surface is
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most stable which is in agreement with single chemical potguiat calculation that
assumes the chemical potentials in the solid are the same aemhieal potentials of the
individual atoms (i.e. decomposition/formation point). The Surfaceygrdithe (0001)
surface is always less than (0002) surface. It should be made cldhistimt relative

measure of surface stability and conclusions about absolute sudbitieysire not

complete.
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Figure 20. Surface Energy of the;PeraN with (0001) and (0002) surfaces. The
Tantalum chemical potential is varied as described.

To understand how the surface energy changes with increasing temgaratu
nitrogen gas pressure, the chemical potential for nitrogen can benvad® ™

Hn = #lqlz,gas + lenPNZ 25

Where k is Boltzmann’s constant (8.62X16V/K), T is temperature in Kelvin. \Ris the

partial pressure of the nitrogen. Combining equation 5 and 6 gives a means aiealcul
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the stability of the surfaces with increasing partial pressurdrofyen and with
increasing temperature. The equation is only valid if, Ta in TaN isytddynamically
favored (ira < n%r4 su) @and Nitrogen is more stable in the Tal € p°., gag- The

final relation can be found by placing equation 24 and 25 into a single equation

1

O':ZA

(Esiab — Xrabiran + (Xra — Xn) (U2 gas + KTInPy3)) 26

A range of validity can be established for the calculation and by combinintjozgu23

and 25; the range can be shown to be

AHY, 27
kTa < InPy, <0

The calculation will not be valid up to the triple point of the phase diagegpending on
the partial pressure of nitrogen, but provides insight as to the stabgignr

The surface energy of the (0001) and (0002) systems is shown in Table 15. The
(0002) surface has a positive energy and therefore is unstable. Theigd0@kr in
surface energy than the (0002) and therefore more stable. It should be rnated tha
technique is a relative technique and not intended to be used as an absatutesrof
surface stability. Table 16 shows the Slab dimensional information(00b&) surface
shows an increase in the overall volume of the supercell after relagatigrared to the
starting cell volume by 3.8% of the volume. The slab expands in the direction mormal
the surface very little (-0.1% of the initial z), but the surface anethéoslab increases by
4% compared to the starting surface. Looking at the atomic movemesfitsvais in

figure 6.4, the atoms move mostly normal to the surface, but do have a sliglhent
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away resulting in this increased surface. The top and bottom layerscsiexiueed
lattice spacing for the (0001) to (0002) planes with the center 3 plans nmorieg The
(0001) terminated surface energy reduction upon relaxation is driven byaiyger |

relaxation.

Table 15. Surface energy calculated foff-e

Area N AtomgTa Atomg Surface Energy
Units Ang”"2 # # eV/Ang"2
0001 98.5551 48 40 -0.159
0002 92.2953 36 44 0.039

The (0002) surface shows an overall decrease in the volume of the cell. The z
axis increases by 2% and the area reduces by 2.7% compared to the ingiaécellhe
net result of this compression in one direction and expansion in the oty ia 0.7%
reduction in the volume of the cell. The overall cell movement as shown in Figure 21
suggests the cell is compressing as all atomic movement is tolwardsixis. There is
minimal change shown in any of the inter-atomic distances between the (0801) an
(0002) lattice plans. The (0002) cell suggests a compression inlthac¢hus the
energy reduction is associated with the slab itself reducing in eresgpea in Figure 22.
This would suggest the system has a higher energy for the surfacegbered. The 96
atom slab shows very little change in volume with the z axis compressing byafAdL%
the area increasing by 0.8%. The total cell volume only increases by 0.7%ellThe
compresses in z by 0.1% and expanses in surface area by 0.8%. Figure 23 shows the
system has very little atomic movement outside of the top 0002 and 0001 surfdees.
majority of the movement is in the direction of the surface and reswdtseduction in
the top lattice distances between in the (0001) and (0002). The mixed slab has a

reduction in the interlayer space on for the (0001) surface and also sho@@thg (
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surface re-arranged. This could support the fact that the (0001) is roueldlymamic

and capable of reducing its energy compared to the (0002).

Table 16. Slab information for the Jfesurface calculations.
Starting Cell Vectors Ending Cell Vectors  Cell Vol (Ang"B)
Slab X Y Z X Y Z Starting | Ending
Mixed | 10.47| 10.47 11.70 10.5110.51|11.69| 1118.00| 1110.51
(0001) | 10.47| 10.47 10.24 10.620.67| 10.23| 1008.48| 971.70
(0002) | 10.47| 10.47 10.24 10.8320.32| 10.45| 964.60 | 971.70

Using the above derived equation for surface energies, further analysis was don
to understand if there could be an inversion of the lowest energy surfacehapge<in
the temperature or upon introduction of a nitrogen atmosphere. The resbés of
analysis are shown in figure 24 and 25. As can be seen, there is noichtaegact that
the (0001) is more stable than the (0002) surface. In addition, the (0002) suaifalkas
a negative value at very high Temperature (1000K). Based on thess, tbeu{0001)
surface is used for all further Adatom calculations for both thié plase and the CoSn

phase.

Methods of Ag Adatoms on TaN

The absorption Enthalpy for silver on the surfaces of (0001) TaR-#®d TaN-
CoSn is calculated with a GGA-PBE exchange correlation functional amjeatpr
augmented wave (PAW) Pseudopotentials as previously described in Chaptex
planewave cutoff was 520 eV and the K space was 5x5x1 using a gamma centered K-
space. The system relaxation was done by VASP’s quasi-Newton algtoithtrieast 4
ionic steps and convergence to 20 meV/at for ionic steps and electrom&z@ence to <

1 meV/at.

68



(0001) Terminated Slab (0001) Plane

(0001) Terminated Slab (0010) Plafe

© P Fe @ o e o
i S& o ®
o ® 00 @ o @ o
° o ¢ ® o e
° ® 00 @ oe® @ o
® o0 oo o
@ O o0 @ o0 0O o

Figure 21. Atomic Movement of the (0001) terminategPFdab. Tantalum @ ) and

Nitrogen ( @ )are shown.
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Figure 22. Atomic Movement of the (0002) terminategPFgab. Tantalum @ ) and

Nitrogen (@ ) are shown.
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Figure 23. Atomic Movement of the mixed surface Fe2P slab. Tant: ® matd )

Nitrogen ( @ )are shown.
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Figure 25. Surface energy calculation for thePF€aN at 1000K

Slabs of CoSn and B phases were analyzed to determine Adatom Absorption

energies of silver on the lowest surface energy surface.

determined by the following equation.

EAbsorption = ESlab+Ag_ Esiap — nEAg

The Agmeéaergy was

28

Where the Bap+ag Esian N @and &g are the energies for the slab with Ag Adatom(s), the

slab without the Ag Adatom, the number of Ag Adatom and the energy of a single Ag

atom in the gas phase, respectively. The starting location of the Silaym was set
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away from the near surface atom(s) as determined by the radiuataldubm the Ag
bulk calculations.

The silver atom in the gas and solid phase was calculated with a GGA-PBE PAW
and a planewave cutoff of 450 eV. For the solid, K space was 17x17x17 and Monkhourst
Pack centered. Solid phase was assumed to be FCC and the final latiiaatooas
4.17 Ang. Heat of formation was -2.824 eV/at and -0.27157 eV/at for the solid and gas
phases, respectively.

The 4 locations investigated for the CoSn phase are shown in Figure 6.9 and
include the Hollow location above the (0002) Tantalum (Hollow A), the Holtoméd
by the (0001) Nitrogens and Tantalum (Hollow B), Atop the Nitrogen and Atop the
(0001) Tantalum. The CoSn phase system was a 216 base cell with the Sileen Adat
added to the above listed locations.

For the Fe2P system, only the Hollow A and Hollow B sites were invegtigate
since the structure is similar to CoSn, and the Atop Nitrogen and Atop Jargdes
were very unfavorable for CoSn.

For investigations of two silver adatoms on Fe2P, two geometries wesid@@u, one
with the Ag adatoms close together on Hollow-A sites, and one with thepdidrom
Hollow-A sites — see figure 27.
The sub-monolayer study had a 66 % ML of Ag on the Fe2P-TaN (0001) surfackewith t
entire Hollow A locations filled on the slab. Work of adhesion was ctkedifrom this
by the following equatioft "

Wagh= Eag — Es, strained- Ea 28

Where Wgqhis the work of adhesion sk is the Enthalpy of the Slab of A and B,

Es, strainediS the strained slab of B (in this case Silver) apdsEhe slab of A (in this case
FeP-TaN).
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Ag Adatom on CoSh-TaN

The results of the CoSn Adatom calculations areléed in Tablel7 and
atomic movements are shown in Fig28. The largest absorption energy for the Ci
phase was for the Hollow-site and resulted in the Ag Adatom being onlyAh§ away
from the (0@1) surface. The (0002) Tantalum below the Ag atoowed towards th
Ag. The second lowest energy is the Hollow B aitd is close in absorption energy
the Atop Ta atom. By far, the Atop N is smallestibsorption energy

The HollowA site is prferred becausthe Silver ends up being surroundec

Nitrogens in the Hollow A site and fits into a ptomh that a tantalum would fit into ¢
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the next layer above the surface. Hollow B codd/iiewed as an interstitial like site a
as Tantalum Nitrid&@ave very tight bonding occurring between the Tlanteand the
Nitrogen, interstitials the size of a Silver lonwiw cause stress in such a lattice
would not be a favorable position. The Atop Ataudtions would basically be tl
minimal amount of bnding possible in the system. It should be ntteslis consister

with resultsof other Nitrides and Carbides as noted in Chaht

\9’\#

aq‘
K

Figure 27.Location of proximity effects of adatoms with HollA locations populate
with Ag adatoms. Green is the placement of theecksg adatoms and yellow is the
distant placement.

The distance to the (0001) surface is the sam#éh&Hollow-B, Atop Nand
Atop Ta Adatonmand is consistent with the absorption energiesgolewver wher
compared to the Hollow and is a result of the reducbonding for the Ag adatoms
the 3 sites The Hollow-Bnd Atop Ta both showed movement of the (0002)tdin
belowand closest to the Adatom compared to the Atop dNHwllow Adatom location
which showed no movement of the lower Ta (0002)atd he Atop N did show son
movement of the Nitrogen directly below the Ag Aatatand the Hollo-B site showe
the Tantalum in the (0001) moving inward and awaynfthe Ag Adatom. Thes
movements suggest the Silver is attempting to éoitaelf similar tcwherea Tantalun

would beif another layer of (0002) was added to the -CoSn phase.
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Table 17. Adatom surface energies and atomic movements calculatieel f0001)
CoSn-TaN surface.

Adatom | Ag Absorption| Ag Distance NN NN Movement Direction
Location | Energy (eV/at) to 0001 (Ang) Movement distance (Ang moved
Atop N -0.98 2.7 N 0.1 Towards Ag
Atop Ta -1.15 2.7 Ta (0001) 0.1 Away from Ad
Hollow B -1.16 2.7 Ta (0001 0.1 Away from Ad
Hollow-A -1.72 1.8 Ta (0002 0.14 Towards Ag

Ag Adatom on Fe,P-TaN

The 2 hollows of the RB-TaN (0001) surface were analyzed and it was found
the Hollow-A location showed greater absorption energy when compared to the Hollow
B site with the Absorption Energies in Table 18. The Hollow A locatisraharger
number of Nitrogens for the Silver to bond to and is in the same locaticenibiher
(0002) Tantalum would occur, thus allowing the Nitrogens to reduce the amount of
broken bonds they have in the structure and approach the 5 fold coordination of the
nitrogens in the bulk. The hollow B location is actually not a repeat sitetfro®©002)
layer in addition to placing the Tantalum and Silvers in close proximityesudting in
them sharing the same Nitrogen’s. The single Adatom study shows thatlkne A
location appears to be the lowest of two studied. There are other plebhesdridge
sites and Atop sites that the Adatom could be placed. The Hollow A sitel df@niore
stable when compared to these other sites. The reason is the otherssitiein the
surface atoms deviating further from the bulk state and due to thedatte Adatom
has less to interact with for bonding. The Hollow-A site is considerbd the most
stable absorption site on the (0001) TaMNHFsurface.

Next, 2 two-Adatom studies were done with one having adjacent Hollow A
location (distance Ag to Ag is 3.01 Ang) and the other one having the HollowsA site
separated as far as possible in the supercell (distance is 6.02 Ahgyvasrs Figure 27.

This resulted in the Absorption energy being 1.160 and 1.159 eV/at fdo#seand far
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Adatom results, respectively. The distances are provided in Tableh&Sstability of
the far and close absorption values suggest that additional Ag adabarasfill all
available Hollow A sites on the surface, forming a sub-monolayer of2a(ECL) plane

with a small lattice mismatch of about 2%.

Plane view Side View \ector
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Figure 28. Adatom movements for the CoSn-TaN (0001) surfacetallien (® ), Silver
(@) and Nitrogen @ )are shown. Vector magnitudes are varied with legeridguov

Table 18. Enthalpies of Hollow Adatoms ond aNstudies.

. Enthalpy of absorption dag-n dag-Ta
Hollow Location p()év Jat) P ( Arglg) ( A?]g)
A -1.335 2.22 2.77
2.15;
Hollow B -0.833 2.26; 2.56
2.70
A, 2 Adatoms - close -1.160 2.18 2.71
A, 2 Adatoms far -1.159 2.18 2.70
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Several studies were done on smaller cells to investigaselttesion of Ag
submonolayers (0.33 ML and 0.66 ML) and a 5 layer Ag slab to Fe2P-TaN. Thersmal
cell was a 24 atom TaN cell with same dimensions as the 216 cell used in tbenAda
studies. All other parameters were the same between the 216 cek anaath24 atom
cell. The k points for the 24 atom cell showed convergence to< 1 meV/at for 5x5x1 k
points. The smaller cell had 2 Hollow-A locations. The initial stgrpoint for how far
the silvers were placed was based on the adatom distances. Faudditicals involving
the TaN slab, only the ionic positions were allowed to relax with thelwagbesand
volume held constant. At least 8 ionic convergence steps were used for #aeh of
studies and it was found that ionic convergence was < 1 meV/at tal@llations. For
the work of adhesion calculation with the silver slab, the slab lpgtheas determined 2
different ways. First for the unrelaxed silver slab, it was eleictaiy converged only
with all ion positions held constant based off the full slab of TaN-Ag. For theect!
silver slab, the ionic positions, cell shape and cell volume was allmyethx
completely. Results of the calculations are shown in table 19.

The Work of Adhesion is negative for all results and actually hasighest
value for the unrelaxed 4-layer slab. This suggests that an ogtdrétween Silver and
(0001) FgP-TaN should be stable. In addition, the monolayer energies are slightly lower
when compared to the slab values. This would cause an issue during credt@n of t
interface as the bonding is not strong between the Silver and Tanta&rface initially.
Thisdrop in energy for the monolayer work of adhesion to when a thin slab of Tantalum
nitride is formed can be explained by the fact that the bonding is changing between the

Slver slab versusthe ML structure vsthe 4 Layer structure. Thisis supported by the
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fact that the distances between the silver and the nitrogen are increasing with the

following order noted 1 Adatom<0.33 ML<0.66 ML< 4 |ayer dab.

Tablel9: Work of Adhesion calculations for Silver on Taloim Nitride

Silver Slab Work of dagn dag-a
Structure | Adhesion (J/f) (Ang) (Ang)
0.33 ML -0.65 2.37 3.08
0.66 ML -0.61 2.51 3.18
4 Layer -
strained -1.03 2.59 3.3
4 Layer -
unstrained -0.77 NA NA

Summary

Calculation of the bond strength of a single Ag atom with a single Naatom
found that the Nitrogen-Silver bond energy was higher. This suggestsAgatim
would adhere more strongly to a Nitrogen rich surface than to a Taniatusurface.

The lowest energy surface was shown to be the (0001) for {ReTladN surface
as compared to the (0002) surface. The major difference betwearotherfaces is the
(0002) is Tantalum rich and has no Nitrogen terminations. The (0001) sh&asee3:1
ratio of Nitrogen to Tantalum. The (0001) was chosen as it would be ecéfiglmore
stable. The (0001) surface was used for Adatom studies wPhTN and CoSn-TaN
studies. For the CoSn-TaN (0001) surface, Silver adatoms were plackdtations. It
was found that the site of absorption would be a hollow site (Hollow A) whichdy
result in the continuation of the crystal from the (0002) layer. The sitiesrwere found
to be less energcially stable. For thgA=&aN (0001) surface, Silver adatoms were
placed on 2 hollow locations. The hollow site which continued the crystatiustuc
(hollow A) was shown to be significantly lower in energy. Investiyetiof 2 Ag

Adatom studies showed that the distance between the Ag adatoms did flicasityi
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affect their adsorption energy, which was slightly less than that ointfjie sdatom.
This suggests that silver deposited on a (0001) Fe2P-TaN surface shouilitiatiy by
adatoms adhering to the Hollow A locations and continuing the crystalusawgtthe
Fe2P-TaN. This results in the formation of a (111) FCC surfagbtlglistrained, with
1/3 of the first monolayer missing due to the presence of Ta adatoms 00@1g plane.
The work of adhesion was calculated from a 0.66 ML of Silver and resulted6a.Hré
surface energy, which is modest.

The 2 atom and Adatom studies suggest that silver and TaN should ftabbea s
interface. Upon calculation of the monolayers and slab, it is founchthatiter has a
modest work of adhesion on the Tantalum Nitride surface. This suggeste#iP-
TaN/Ag maybe a viable candidate for interconnects. Furthexdeerin the Ag slab
thickness may not be stable. The slab will be epitaxial or resultver 8lands forming
on the surface due to the lattice mismatch. An adhesion layer maybectitisary for

the Silver-TaN interconnect system.
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Chapter 7

SUMMARY

Bulk Tantalum Nitride

The stability of three 1:1 stoichiometric compounds of Tantalum Nitride wa
investigated with three separate exchange correlation functiois (RGA-PBE, and
GGA-PW91). For all exchange-correlation functionals, the order of isyadfithe
crystal structures are &> NaCl > CoSn at zero Kelvin. This demonstrates that the
TaN-FeP crystal structure is the ambient phase and should be used as such in future
studies.

The bonding of the 3 systems was studied. It is shown that all three arecmetalli
in nature, this is consistent with ottarinitio studies. The NaCl bonding has the
simplest structure where as thefFand CoSn phases are a little more complex. The
Fe,P system appears to have a small difference in how the two types duirentend
to the Nitrogen with a slightly greater bonding associated with thallamtresiding in
the (0002) layer. The CoSn seems to have the Tantalum in the (0001) glane no
significantly bonding with the (0002) Tantalum nor with the Nitrogen'siendystem.

In addition, it was shown that theJPeand also the CoSn phase showed fairly
high vacancy formation energy. This would support a line compound as shown in the
phase diagram. In contrast, the NaCl phase has a negative formatigna=segated
with Tantalum vacancy, suggesting it prefers a composition somewhatTa ttod side
of the 1:1 stoichiometry, consistent with the phase diagram. Additionahei@s are also
easily formed from 43at% to 50at% Ta suggesting that the NaCl phasxigfilat a

broad range of compositions, consistent with the phase diagram.

79



Surface Sudies

The (0001) and (0002) surfaces were analyzed for their relative sarfargges
in the FgP phase. It has been shown that the (0001) surface should be the lower surface
energy system and that it could be easily maintained in a Nitrogen riobtere. The
(0001) surface was used for subsequent Adatom studies for both the CoSn agB the Fe
systems.

The surface studies showed that the Hollow A location, which is vhere
(0002) surface continues for both thefFand CoSn, was the most enthalpically
favorable location for the Silver Adatom. In addition for thePHghase, it was shown
that 2 adatoms in either adjacent or farther way locations would Qaxekent
adsorption energies, slightly less per atom than for the single adatomy,Rhallvork
of adhesion for silver monolayer and four layer slabs appears to have noddest t
adhesion to the TaN surface studied. The bonding appears to be ionic énbaaea on
the charge density plots. The monolayer has lower adhesion than when compaed to
slab and maybe due to the second Ag layer interacting with the Tantalunes(66Qf)

at the interface.

Concluding remarks on Interconnect Directions

This study focused on the thermodynamics and adhesion of the TaN/Ag
interconnect system. It suggests that Ag Adatoms binds strongly tdlia&in adhesion
layer such as Ta may still be needed as the Silver Monolayer baadkdyto the
Tantalum Nitride. If one could eliminates the Tantalum adhesion liayesuld reduce
the interconnect cross section, and greatly simplifies the intercomrmeessing. Further
study is needed to understand subtleties of the integration to determinswiititfeto

TaN/Ag interconnects system would be worthwhile.
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Potential Future Research
For the Tantalum Nitride system, the stability of the various Polyghsoof TaN
should be studied further and in more depth. Experimentally, an assessmermiryftdie
structures should be done with Neutron scattering to validate the hypethesszilts.
For the TaN-Ag system, additional studies on the electrical giepand adhesion
characteristics of low resistive metals such as silver, gold or ceppald be done to
understand if there are alternate barrier layers which may elinthreateed for adhesion
layers or to propose alternate interconnect systems. In additionettecal properties
of the interconnect should be studied to understand in an ideal case ihtakifa
Nitride-Silver interconnect has better conduction than currently showergmriments.
Further studies could help understand how to increase the work of adhesion
between Silver and EKe-TaN by alloying the metal, inducing surface defects in the TaN
surface or both and adhesion layers for improving the binding of silviearitalum
Nitride should be explored. In addition, studies should be run as to how various Adatom
elements, such as Ruthenium, may interact with the interfaclewoditect
electroplating of Silver to the Interconnect. Larger slabs of TaNuSslirould be run to

understand how this system behaves with additional layers.
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Fe,P-TaN Base cell
5.49031026300000
0.7900851066372291 -0.4783611630944735 0.2270683073954599
0.0000000000000000 0.9567223261889469 0.0000000000000000
-0.1411284651367380 0.0000000000000000 0.5123937291282264
3 3
Direct
0.0000000000000000 0.0018710991651716 0.0000000000000000
0.3340839407777310 0.6665966571857496 0.4984335890447085
0.6659160592222690 0.3325127164080257 0.5015664109552915
0.3916426385735434 0.9984020752827405 0.0005600333088580
0.0000000000000000 0.3938580152491156 0.0000000000000000

0.6083573614264566 0.6067594367091971 0.9994399666911420
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CoSh-TaN Base Cdll

5.27 'Run 3

0.500000 -0.866025 0.000000

0.500000 0.866025 0.000000

0.000000 0.000000 0.555977

33

Direct

0.00000000 0.00000000 0.00000000

0.33333333 0.66666667 0.50000000

0.66666667 0.33333333 0.50000000

0.50000000 0.00000000 0.00000000

0.00000000 0.50000000 0.00000000

0.50000000 0.50000000 0.00000000
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