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ABSTRACT

Copper is the main interconnect material in microelectronic devices, and a 2 nm-
thick continuous Cu film seed layer needs to be deposited to produce microelectronic
devices with the smallest features and more functionality. Atomic layer deposition
(ALD) is the most suitable method to deposit such thin films. However, the reaction
mechanism and the surface chemistry of copper ALD remain unclear, which is
deterring the development of better precursors and design of new ALD processes. In
this thesis, we study the surface chemistries during ALD of copper by means of

density functional theory (DFT).

To understand the effect of temperature and pressure on the composition of copper
with substrates, we used ab initio atomistic thermodynamics to obtain phase diagram
of the Cu(111)/SiO,(0001) interface. We found that the interfacial oxide Cu,O phases
prefer high oxygen pressure and low temperature while the silicide phases are stable at
low oxygen pressure and high temperature for Cu/SiO; interface, which is in good

agreement with experimental observations.

Understanding the precursor adsorption on surfaces is important for understanding
the surface chemistry and reaction mechanism of the Cu ALD process. Focusing on
two common Cu ALD precursors, Cu(dmap), and Cu(acac),, we studied the precursor
adsorption on Cu surfaces by means of van der Waals (vdW) inclusive DFT methods.
We found that the adsorption energies and adsorption geometries are dependent on the
adsorption sites and on the method used to include vdW in the DFT calculation. Both
precursor molecules are partially decomposed and the Cu cations are partially reduced
in their chemisorbed structure. It is found that clean cleavage of the ligand—metal bond

is one of the requirements for selecting precursors for ALD of metals. Bonding



between surface and an atom in the ligand which is not coordinated with the Cu may

result in impurities in the thin film.

To have insight into the reaction mechanism of a full ALD cycle of Cu ALD, we
proposed reaction pathways based on activation energies and reaction energies for a
range of surface reactions between Cu(dmap), and Et,Zn. The butane formation and
desorption steps are found to be extremely exothermic, explaining the ALD reaction
scheme of original experimental work. Endothermic ligand diffusion and re-ordering
steps may result in residual dmap ligands blocking surface sites at the end of the Et,Zn
pulse, and in residual Zn being reduced and incorporated as an impurity. This may

lead to very slow growth rate, as was the case in the experimental work.

By investigating the reduction of CuO to metallic Cu, we elucidated the role of the
reducing agent in indirect ALD of Cu. We found that CuO bulk is protected from
reduction during vacuum annealing by the CuO surface and that H, is required in order
to reduce that surface, which shows that the strength of reducing agent is important to

obtain fully reduced metal thin films during indirect ALD processes.

Overall, in this thesis, we studied the surface chemistries and reaction mechanisms

of Cu ALD processes and the nucleation of Cu to form a thin film.
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1. Introduction and Overview

1 Introduction and Overview

1.1 Atomic layer deposition (ALD)

Atomic layer deposition (ALD, previously called Atomic Layer Epitaxy) is a
modified version of chemical vapour deposition (CVD) technique to grow ultrathin
continuous and uniform thin films through alternate self-limiting surface reactions.[1]
ALD has attracted wide interest in recent years as a powerful thin film deposition
method for various applications in many fields, most notably in microelectronics. No
other thin film technique can approach the conformality achieved by ALD on high
aspect structures.[2] Unlike CVD, ALD relies on sequential and saturating surface
reactions of the alternately applied precursors. The precursor pulses are separated by
inert gas purging or evacuation of the reaction chamber to avoid gas-phase reactions

between the precursors.[1]

As ALD is most common only used to deposit metal oxides, we illustrate the
process using a simple metal oxide deposition cycle. The basic principle of ALD is
schematically illustrated in Figure 1.1, where one ALD cycle of a metal oxide
(M=metal, O=oxygen) deposition process is presented. In the first step, the substrate
surface is exposed to a “precursor” of gaseous ML, (L represents a ligand) which
chemisorbed onto the OH covered surface, leaves the surface saturated with a
monolayer of the precursor fragments. The proton transfer from the surface to the
chemisorbed ML, yields intermediate OML at the surface and by-product HL. After
purging the HL by-product with inert gas, a “co-reagent” (in this example, H,0) is

introduced for further transformation of OML into the —-O—-M- bonds. The H,O
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molecules react with the OML at the surface and produce a second by product, HL,
leaving the MO layer covered with OH groups. After inert gas purging the next ALD
cycle continues. Because there are only a finite number of surface sites, the surface
reactions self-limit at a finite coverage of surface species. If each of the two surface
reactions is self-limiting, then the two reactions may proceed in a sequential fashion to

deposit a thin film with atomic level control.[2]

(b) g HL @mo

——

OML OML OML

d) HL HI. 1,0
() HL © mo BO 4,

OH OH oH —

OML OML OML
MO MO MO

Figure 1.1. Schematic illustration of a metal oxide (MO) ALD cycle where

precursors (ML, and H,O) are alternately pulsed and separated by inert gas
purging.

It is the self-limiting nature of ALD reactions that give rise to a uniform and
conformal growth behaviour and control over thickness and composition of the
film.[3] Therefore, the alternate exposure of the precursors alone does not qualify the
process as ALD. A successful ALD process relies on suitable chemical precursors
being used under reaction conditions that are appropriate for them. The requirements
for ALD precursors include sufficient volatility, thermal stability, and self-limited
reactivity with substrates and with the films being deposited. The precursor vapour

should not etch or corrode the substrate or deposited film.[4]
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Thanks to its superior capabilities, ALD has become an important tool in nano-,
energy, bio- and environmental technologies and has bright future applications in other
newly emerging fields.[5] The various materials deposited with ALD include oxides,
nitrides, sulfides and metals.[6] However, many challenges have also emerged as ALD
becomes increasingly popular. One such challenge is ALD of metals, and more

specifically ALD of copper.

1.2 ALD of copper

The interest in depositing uniform and island-free ultrathin films of copper
originated from its application as the interconnect material in microelectronic devices.
Copper has superior properties such as lower resistivity and higher current density for
electromigration than aluminium and these are critical for improved device
performance and reliability. Figure 1.2 shows a typical cross-section of Hierarchical
Scaling for a microprocessor unit (MPU) from the International Technology Roadmap
for Semiconductors (ITRS).[7] We can see from the cross-section that the MPU
utilizes a high number of metal layers (orange colours) with a hierarchical wiring
approach of steadily increasing pitch and thickness at each conductor level. These
complex copper interconnects are currently fabricated using the electrodeposition
technique and CVD. Important processing steps prior to electroplating involve the
deposition of a thin copper layer in order to provide a conductive substrate for
electroplating and to prevent copper diffusion into dielectric substrates. Ideally, the
thickness of this seed layer should be less than 2 nm and should be uniform and
continuous in order to meet the future demands of current trends in integrated circuit

technology.
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Deposition  techniques including physical vapour deposition (PVD),[8]
electrodeposition,[9] and CVVD[10] have been applied with the aim of obtaining such a
thin film of Cu. However, voids are formed when these techniques are used to fill the
high aspect ratio features structures, which cause an open circuit and degrades the
device quality. It is extremely difficult to deposit continuous thin films of Cu at this
thickness and instead islands of Cu tend to be more favourable.[11] Of these
deposition approaches, ALD shows the most promise in surmounting the island

growth problem as well as meeting future demands of device scaling. [12]

«+— Passivation

~ «— Dielectric Capping Layer

Copper Conductor with
= Barrier/Nucleation Layer

" +— Pre-Metal Dielectric
Tungsten Contact Plug

Figure 1.2. Typical Cross-sections of Hierarchical Scaling for microprocessor
unit (MPU). (image from ITRS 2009 edition).[7]

Table 1.1 lists research articles dedicated to copper ALD. One of the first studies to
deposit copper thin film involve using copper (1) chloride [CuCIl] with H, as the
precursor at a temperature of 350-500 °C.[13,14] Later, a three step ALD process was
reported based on the reaction of CuCl and H,O and further reduction of Cu,O to

metallic copper by H,.[15] The reactions of various copper (I) and copper (II)
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organometallic compounds, as the structures are shown in Figure 1.3, with molecular
or plasma H, have been reported as a way to achieve copper metal ALD. These
include ALD of copper based on the reaction of Cu(acac), (copper acetylacetonate)
with molecular H; at 250 °C, [Cu(iPr-amd)]. (copper propylamidinate) with H; at 280
°C and Cu(tmhd), (tmhd = 2,2,6,6-tetramethyl-3,5- heptanedionate) and H; plasma at
180 °C.[16-20] Unfortunately, the typical temperature requirement for these reactions
(200400 °C) causes dewetting which leads to discontinuous copper films. Significant
progress was made by Sung et al. with low temperature ALD of copper metal using
the reaction of copper dimethylamino-2-propoxide [Cu(dmap).] and diethylzinc
[ZnEt;] at 100-120 °C.[12] Although subsequent work reported that the parasitic
chemical vapour deposition reaction of ZnEt, may lead to Zn incorporation into the
copper thin film,[11] the work by Sung et al. has important implications on the co-
reagent strategy which was traditionally limited to the use of molecular or plasma H..
Vidjayacoumar et al. investigated ALD reactions of the eight different copper (II)
complexes separately with AlMes;, Bet; and ZnEt, in order to identify the most
promising combination of the copper precursor and co-reagent.[11,21] Knisley et al.
reported a low temperature ALD which involves a three-step process using
Cu(dmap),, formic acid (HCO,H) and hydrazine (N,H,) at 120 °C and indicated that
their method can avoid undesired elements in the precursors, and affords high purity,
low resistivity copper metal.[22] Kalutarage et al. compared two-step and three-step
processes using the ALD reaction of the Cu(dmap), with BH3(NHMe;) and separately
with BH3(NHMe;) and HCO,H.[23] They showed that the two-step process requires a
Cu seed layer, and affords a growth rate of about 0.13 A/cycle within the 130—160 °C
ALD window. The three-step process does not need a Cu seed layer for growth, and

affords a growth rate of 0.20 A/cycle within the 135-165 °C ALD window. Our
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experimental colleagues in Tyndall reported plasma enhanced ALD using two
different precursors AbaCus and CTA-1 with H, plasma at temperature of 30-60
°C[24] and using NHC-Cu(hmds) with H, plasma on different substrates at 190-250
°C.[25] They found that the film structure is extremely dependent on the substrate
material and that Cu agglomerates into islands on many materials including TaN, Si
and CDO (carbon—doped SiO,) even at temperatures as low as 30 °C, while on Ru and

Pd very thin conductive films could be grown.

Table 1.1. Literature review of copper atomic layer deposition.

Year, Reducing Temp. Substr Growth
Ref. Precursor agent (°C) ate rate
1992, [13] CuCl H, 500 Si, SiO,
1997, [14] CuCl H, 360-400 Ta 8 A/min
2000, [16] Cu(acac), H, 250 Ti
2003, [17] | [Cu(iPr-amd)], H, 280 Si 0.5 Alcycle
2004, [15] CuCl H,0, H, 375-475 AlLO; | 1.6 Alcycle
2005, [18] Cu(tmhd), H, plasma 180 SiO,, Au | 0.12 Ajcycle
2005, [19] Cu(acac), H, plasma 140 Si 0.18 A/cycle
2006, [20] | [Cu(*Bu-amd)], NHs, H, 160 Ru/TaN
2008, [26] Cu(acac), H, plasma 165 Ru
2009, [12] Cu(dmap), Et,Zn 100-120 Si 0.2 Alcycle

a AlMe;, BEts, 130-150 .

2010, [11] Cul, ZnEt, SiO,
2010, [27] | [Cu(*Bu-amd)], H, 220 SiO,
2011, [28] Cu(dmamb), H, plasma 150 Ta 0.65 Alcycle
2011, [22] Cu(dmap), HCO,H, N,H, 120 Si 0.5 Alcycle

30-60 Ru, TaN | 0.2 A/cycle,

2013, [24] | AbaCus, CTA-1 H, plasma cDO 0.3 Alcycle
2013, [29] | Cu(nhc)(hmds) H, plasma 225 Si 0.2 Alcycle
BH3(NHMe,),
130-160 0.13 A/cycle
2014, [23] Cu(dmap), | BHs(NHMe,) as 165 | POPU {05 A/cyZ|e
& HCO,H '
2014, [25] | NHC-Cu(hmds) H, plasma 190-250 Ru, Pd | 0.4 Alcycle

%in ref [11], eight different copper (II) complexes are used with AlMes, BEt;. “L” in
precursor CuL, separately represents acetylacetonate (acac), hexafluoroacetylacetonate (hfac),
N-isopropyl-p-ketiminate (acnac), N,N-dimethyl-B-diketiminate (nacnac), 2-pyrrolylaldehyde
(PyrAld),  N-isopropyl-2-pyrrolyl-aldiminate  (PyrIimiPr),  N-ethyl-2-pyrrolylaldiminate
(PyrimEt), and N-isopropyl-2-salicylaldi-minate (IPSA).
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(a) Cu(acac), (b) Cu(dmap), (Cu) [Cu(*Bu-amd)],

Figure 1.3. Examples of copper ALD precursor molecules. Colour scheme:
red=0, salmon pink=Cu, blue=N, grey=C and white=H.

ALD has also been successfully applied to deposit transition metals (e.g. nickel,
ruthenium, iridium, platinum, and palladium) and their alloys (e.g. RuPt,[30]
PdPt[31,32]) because thin films and nanostructures of these transition metals and
alloys have a wide range of current and future applications in many technologies such
as plasmonic devices[33] spintronics[34] and catalysis[35]. We believe that careful
investigation of Cu ALD as the model system for metal ALD could explain the

reaction mechanisms and surface chemistry of other metals.

1.3 Challenges of Cu ALD

Despite the substantial progress towards achieving uniform and continuous ultrathin

film of copper, the following problems are hindering its widespread applications.

First, island formation during ALD of copper. The growth mode of copper on a
substrate is dependent on the adhesion energies between copper island and the
substrate, the surface energies of copper and substrate, and stress between islands or
film and the substrate caused by lattice mismatch and grain boundaries (GB). In

general, copper thin films can grow during ALD through three different growth modes
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(Figure 1.4): layer by layer (Frank—van der Merwe growth), 3D island formation
(Volmer—Weber growth), and 2D layer deposition followed by the growth of 3D
islands (Stranski—Krastanov growth).[36] Many scanning electron microscope (SEM)
images of ALD deposited copper show island formation on different
substrates.[24,25,29] This indicates that deposition of copper on a substrate follows
3D island growth mechanisms (Volmer—Weber growth). These 3D islands finally
transform into a thin film through Ostwald ripening and coalescence as the growth
cycles increase. The critical thickness for transformation from 3D islands to thin film
is strongly dependent on the thermodynamics of copper/substrate and on the

composition of the substrate, e.g. defects, dopants, and chemical groups at the surface.

£._coo  _goccece SEESH

(c)
£.__00 9000000 .&

Figure 1.4. Three different thin film growth modes (a) Volmer—Weber mode
(3D island growth), (b) Frank—van der Merwe (layer by layer growth), (c)
Stranski — Krastanov (mixed growth).

Second, lack of understanding of the reaction mechanisms and surface chemistry
during ALD of copper. Many theoretical and computational works were dedicated to

the understanding of the reaction mechanisms of metal oxide ALD.[37-40] However,
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the reaction mechanisms and surface chemistries of copper ALD process remain
largely unclear. Experimental works on copper ALD have mainly focused on the
growth rate and characterization of copper thin films and not on the chemical

mechanisms.

Third, scarcity of suitable precursors. As we discussed earlier, a successful ALD
process requires suitable chemical precursors. The organometallic copper complexes
which satisfy all the requirements of a good ALD precursor are rare. Thus, the
development of new precursors and co-reagents is necessary for further progress in

copper ALD.

Last but not least, identifying effective co-reagents. Co-reagents that reduce the
chemisorbed copper precursor to metallic copper are far less available compared to the
copper precursor itself. Chemisorption of the first precursor on the substrate yields a
monolayer of precursor molecules bound to or dissociated on the surface. As we
discuss later, van der Waals (vdW) interactions play important role in correctly
describing the energetics and geometries of precursor adsorption on the surface.
However, this monolayer is not the target material that we want to achieve and we
need to reduce the metal cations to the desired thin film. To this end, it is necessary to
identify effective reducing agents to react with the chemisorbed precursors at the
surface without producing any impurities and with higher growth rate. The H;
molecule or plasma is used frequently (Table 1.1). If more than one co-reagent is used
during ALD, the process becomes a three-step process, namely, chemisorption of the
first precursor, conversion to reducible compounds and reduction of the compound to

the target metal. Thus it is called indirect ALD if multiple reducing agents are used.



1. Introduction and Overview

Understanding the role of co-reagents and how they reduce the chemisorbed copper

precursor is crucial for designing improved ALD process for copper and other metals.

1.4 Thesis overview and scope

The theoretical approach behind our entire computational work is Density
Functional Theory (DFT). In Chapter 2, | will briefly review its fundamentals and the

most relevant parts for the modelling of surface chemistry during ALD of copper.

Despite the success of Cu ALD in recent years, the islanding and nucleation of Cu
on the substrate remains a main challenge. In Chapter Error! Reference source not
ound., we build a model to describe the nucleation process based on our ab-initio
calculations. We apply this model to explain copper islanding on the Ru(0001) and
SiO,(111) surface. In particular, relative stability of islands with different contact

angle and critical thickness of transforming from islands to thin film will be studied.

The first step of an ALD process is the adsorption of precursor molecules.
Understanding how precursor molecules adsorb on the substrate has a crucial role in
unravelling the full reaction mechanism of an ALD process. In Chapter 4, we study the
adsorption of a popular Cu precursor, copper dimethylamino-2-propoxide
[Cu(dmap);], on the Cu surfaces and compare the adsorption behaviour of Cu(acac),.
We show that the precursor adsorption geometries are crucial to understand the

reaction mechanism.

Based on the results from Chapter 4, we investigate the surface chemistry for Cu ALD

reaction from [Cu(dmap).] and via the co-reagent Et,Zn in Chapter 5. We calculate

10



1. Introduction and Overview

activation barriers and reaction energies for a series of surface reactions to propose

reaction mechanism for depositing Cu through the ALD process.

Since the two-step ALD reaction has encountered some challenges, such as the lack
of suitable precursor molecule and efficient reducing agent, three-step ALD processes
are considered as a promising method to deposit Cu thin film at low temperature. The
third step is reduction of a copper compound (e.g. CuO) to metallic copper. To better
understand this reducing step, in Chaptor 6 we investigate the reduction of CuO
surface using oxygen vacancy formation and H, adsorption, which can be
experimentally achieved through vacuum annealing and reducing with Hy,

respectively.

In the last chapter, | summarize the important results of the thesis and describe the

potential future work.

11
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2 Theoretical Background

Density functional theory (DFT) is an extremely powerful tool for studying various
problems in physics, chemistry and material science. It is a computational scheme to
efficiently solve the Schrédinger equation for complex many-body systems from first
principles. This chapter outlines the basic concepts of DFT as the entire work in this
thesis is based on calculations using DFT. First | describe the many-body problem as
the target to be solved with DFT and introduce the Hohenberg-Kohn theorem and the
Kohn-Sham equation. Second, | will briefly mention GGA+U and hybrid DFT
methods as | used them in some cases. Third, I will summarize the methods for
including van der Waals (vdW) interactions in DFT calculations. Last, | introduce ab

initio atomistic thermodynamics, a method to combine DFT with thermodynamics.

2.1 Density functional theory

2.1.1 The Many-body problem

The basis for all quantum mechanical calculations of the electronic structure of a

material is the time-independent Schrddinger equation,

HY(r,R) = Ey(r,R) (2.1)
where H is the Hamiltonian operator, E is the energy eigenvalue and vy is the wave
function. r and R list all the coordinates of the electrons and nuclei, respectively.
Using atomic units (i.e. m, = h = e = 1), a nonrelativistic system of electrons and

nuclei can be described with a Hamiltonian[41],

12
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12 h? 1 e? Z,Ze?
B XY T e
2 : i - 2M,; I 2i¢j |ri—r | |RI le
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r;—R
71 | i I|

(2.2)

where electrons are denoted by lower case subscripts and where nuclei, with charge Z,
and mass M, are denoted by upper case subscripts. The first and second terms denote
the Kinetic energies of electrons (T,) and nuclei (T,), respectively. The last three terms
depict the electron—electron (V..), nuclei—nuclei (V,,) and electron—nuclei (V,)

interactions, respectively. For convenience, Equation (2.2) can be rewritten,

H=Te+ T, + Vee + Vip + Vo (2.3)
Solving the Schrodinger equation analytically for more than a few particles is not
feasible, but it can be solved with approximate methods. The first approximation to
reduce the complexity is to assume independence of the nuclear and electron wave
functions and then treat the slow-moving nuclei as classical particles. This is the Born-
Oppenheimer approximation.[42] In the following section we introduce the theoretical

basis of DFT.

2.1.2 The Hohenberg-Kohn theorems

The theorems initially formulated by Hohenberg and Kohn[43] constitute the
theoretical basis of DFT. The first Hohenberg-Kohn theorem legitimizes the use of

electron density n(r) as the basic variable. It states:

Theorem 1 (Uniqueness): For any system of interacting particles in an external
potential V,,.(r), the potential V.. (r) is determined uniquely, except for a constant,

by the ground state particle density n, (7).

13
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An alternative explanation of this theorem: all the properties of the system are
completely determined given only the ground state density n,(r). For example, the

kinetic energy of the electrons T, etc, is uniquely determined if n(r) is specified.

Theorem Il (Universality): A universal functional for the energy E[n] in terms of the
density n(r) can be defined, valid for any external potential V... (7). For any particular
Vext (1), the exact ground state energy of the system is the global minimum value of
this functional, and the density n(r) that minimizes the functional is the exact ground

state density ny (r).

According to theorem 11, all the properties including the total energy can be viewed as

functionals of the density,

Egx[n] = T[] + Eineln] + f 1V (PN + i

= Fug[n()] + f A3 Vere (rIn(r) + Ey 2.4)

where Ej; is the interaction energy of the nuclei. The functional Fyg[n] includes all

internal energies and kinetic energies of the interacting electron system,

Fug[n(r)] = T[n] + Ein[n] (2.5)
If the functional Fyx[n(r)] was known, then it would be possible to find the exact
ground state density and energy by minimizing the total energy of the system in

equation (2.4).

2.1.3 The Kohn-Sham equation

The basic idea of the Kohn—Sham approach is to replace the many-particle problem

with a system of non-interacting particles which has the same ground state density n(r)
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as the original many-particle system.[44] According to the Kohn—Sham approach, the

Hohenberg-Kohn expression for the ground state energy functional (2.4) can be

rewritten as

n(r)n(r’)
lr — 1’|

where T,[n] is non-interacting particle kinetic energy. The third term is the Hartree

1
Exs = T[n] + .f drV,,.(rn(r) + E,f d3rd3r’ + E;; + Eyc[n] (2.6)

energy and E,.[n] is the exchange and correlation energy.

Performing variation of the energy in (2.6),

SE[n] =0 (2.7)
gives,
6Es _ Vo + lf g3 0D OTln] | SEx(n] 28)
on(r) 2 lr—7r'|  on(r) on(r)
Defining the effective potential V¢ in the above equation,
1 n(r')  O6Ey.[n] (2.9)
— _ 3.7
Veir = Vext + 2fd r |r — 17| * on(r)
yields a set of Schrodinger-like equations, also called the Kohn-Sham equation.
1 2
Horpe (1) = | =5 7% + Vea| 90r) = () (210
The ground state density is given by,
N
n(r) = ) @I 2.11)
i=1

where the sum is over the N lowest eigenstates of Heg given in (2.10).
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2.2 Approximation of exchange-correlation energy

One of the great challenges in electronic structure calculations is determining the
exchange correlation energy E,. because it needs to be approximated.[41] One such
approach is the local density approximation (LDA),[45] in which E,. is simply an
integeral over all space with E,. assumed to be the same as in a homogeneous electron
gas. The generalized gradient approximation (GGA)[46] considers functions that
modify the behaviour at large gradients in such a way as to preserve desired

properties. These methods have been widely used to describe many systems.

However, LDA or GGA methods fail to correctly describe systems like transition
metal oxides and rare earth systems, where the electrons are strongly interacting.
Introducing a strong intra-atomic interaction in a (screened) Hartree-Fock like manner,
or as an on-site adjustment to the LDA or GGA can alleviate this problem. This may
be done by including an orbital dependent Hubbard U term that is fitted so as to match

a known property.[47]

In Figure 2.1, we draw the calculated lattice parameter of bulk Cu as the function of
total energy. The calculated lattice parameter for Cu is 3.631 A and bulk modulus is
134.3 GPa, which are in good agreement with the experimental values of 3.615 A and
138 GPa.[48] Thus we use the generalized gradient approximation (GGA) and
Perdew—Burke—Ernzerhof (PBE) functional[46,49] to calculate the adsorption and

reactions on Cu surfaces.
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Figure 2.1. The calculated lattice parameter as a function of total energy using
PBE functional.

2.3 Van der Waals (vdW) force

The vdW force is found to be crucial to accurately describe non-bonded interactions
such as between molecules or at interfaces. In ALD modelling, we study the reactions
of precursors, usually organometallic compounds, with solid surfaces, and thus vdwW
forces must be treated carefully. Unfortunately, the standard DFT with exchange-
correlation functionals (local density approximation [LDA], Perdew-Burke-Ernzerhof
[PBE]) does not include nonlocal vdW interactions, and thus different approaches

have been proposed in order to incorporate vdW forces in DFT calculation.[50]

One of the approaches is the addition of empirical, pairwise inter-atomic dispersion
corrections of the form —Cqr=¢, commonly referred to as DFT plus dispersion (DFT-

D).[51,52] In the DFT-D3 method, the total energy is given by[53]
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Eprr-p3s = Exs—prr — Edisp (2.12)
where Exs_ppr IS the usual self-consistent Kohn—-Sham energy as obtained from the
chosen DF and Eg;s, is the dispersion correction as a sum of two- and three-body

energies

Egisy = E@ + E® (2.13)
P

The most important two-body term is given by,

chB 2.14
E®@ = 2AB 2n=6,8,10,... Sn @fd,n (Tap) ( )

here the first sum is over all atom pairs in the system, CA® denotes the averaged
(isotropic) n™-order dispersion coefficient (orders n=6,8,10,...) for atom pair AB, and
T4 1S their inter-nuclear distance. Damping functions f,;,, are used to determine the

range of the dispersion correction.

1

1+ 6 (ran/(srnR85))

fan(ag) = (2.15)

where s, ,, is the order-dependent scaling factor of the cutoff radii R7Z.[54]

The long-range part of the interaction between three ground-state atoms can be
obtained by applying the concept of short-range damping analogously as for the
pairwise term,

E® = 2 fa3 (Fapc)EAPC (2.16)

ABC

where the sum is over all atom triples ABC in the system and geometrically averaged

radii 7,5 is used as a damping function. The triple-dipole dispersion term E4BC is
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C#B¢(3cos0,c0s0,c0s6, + 1)

EABC —
(TapTBcTca)®

2.17)

Where 6,, 6, and 6, are the internal angles of the triangle formed by 7,5, r5¢ and ¢4

and C4BC is the triple-dipole constant which can be found in ref [53].

Another promising method to include the vdW interaction in DFT is the nonlocal vdW
density functional (vdW-DF) by Langreth and Lundqvist and co-workers[55] which is
implemented in the VASP code.[56,57] In vdW-DF the non-local correlation is

calculated in that the exchange—correlation energy takes the form

Exc = E{¢* + EPA + EM! (2.18)
where ES%4 is the GGA exchange energy. EXPA accounts for the local correlation
energy obtained within the local density approximation (LDA) and E™ is the non-

local correlation energy. E™ is exact at long distances between separated fragments,

*d
EM =j %tr[ln(l - Vi) —Ine€] (2.19)
0

where ¥ is the density response to a fully self-consistent potential with long-range,
inter-fragment spectator contributions omitted. V is the inter-electronic Coulomb
interaction, € is an appropriately approximated dielectric function, and u is the

imaginary frequency.

We use these and similar methods for treating the vdW interaction along with the pure
DFT method to identify the role of vdW forces on precursor adsorption on substrate

during ALD of Cu, which will be explained in more detail in Chapter 4.

2.4 Bader charge

Electronic charges in molecules and solids are not observables and, therefore, not

defined by quantum chemical theory. Many different schemes to assign electronic
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charge distributed in space to a certain ion. An approach that focused on charge
density has been proposed by Bader.[58] In this approach, space is divided into
regions by surfaces that run through minima in the charge density. More precisely, at a
point on a dividing surface the gradient of the electron density has no component
normal to the surface, which is called Bader regions.[59] Henkelman et al. proposed
an algorithm to calculate the charges on atoms based on Bader’s theory.[59,60] In
their algorithm, each point on a regular (X,y,z) grid is assigned to one of the regions by

following a steepest ascent path on the grid.

2.5 Ab initio atomistic thermodynamics

Ground state DFT is a zero-temperature and zero-pressure technique. As such, the
results of total energy calculations at surfaces have to be connected with the ambient
experimental conditions. Ab initio atomistic thermodynamics (also known as first
principles thermodynamics) enable us to connect density functional calculations with
external conditions by considering appropriate thermodynamic potentials, e, g, Gibbs
free energy.[61-63] The surface free energy of a surface in contact with gases can be

defined as following

1

v(T,F) =~ (2.20)

G — Z N;u;(T, P;)
;

where G is the Gibbs free energy of the surface that we would like to study. u;(T, P;)
is the chemical potential of the ith species under the external conditions and N; is the
number of atoms (or molecules) of the ith species in the considered reservoir. T and
P; are the temperature and partial pressures of the ith species. The most stable
structures are characterized by the lowest surface free energy. In equation (2.20), not

all the chemical potentials in the system are independent, and therefore we can reduce
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the number of unknown y; (T, P;). For example, the chemical potential of metal oxide

MO (M=metal),

Umo = UM T Ho (2.21)

where, umo and uy can be approximated with the DFT energies of corresponding
metal oxide (MO) and metal (M). in this way only one independent variable ug

remains in the left side of equation (2.20).For a surface in contact with certain gases

(e. g. oxygen),

P
Haas (T PY) = BLSS + ERE + Mtgas (T, P) + s T (15 222)
where ES3L is the total DFT energy of the gas, EZL is the zero point energy,

Apgas(T, P°) is the chemical potential of the gas at ambient pressure at T, which can

be obtained from JANAF Thermochemical Tables.[64]

G = Etot 4 FVvib 4 peonf 4 py (2.23)
where Et°t js the total energy, FY'® is the vibrational free energy, F°"f is the
configurational free energy. If we choose a reference system, e.g. a clean surface, we

only have to calculate the difference in Gibbs free energy.

We employ ab initio atomistic thermodynamics in different occasions in this work,
namely, the surface in contact with the precursors, the metal/substrate interface and the

surface with the reducing agent.
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3 Interface Composition of Cu/SiO, Interface

3.1 Introduction

Metal/dielectric interfaces are of great interest because of their widespread occurrence
in microelectronic devices.[65] The Cu/SiO, interface, in particular, is crucial for
metal-oxide-semiconductor (MOS) capacitors because copper is the main interconnect
material and SiO;, or C-doped SiO, is widely used as the low-k dielectric substrate.
Willis et al. reported that Cu is stable on SiO; in an oxygen-free environment under
thermal and electrical stress.[66] However, they measured significant Cu transport
through SiO, as the sample was exposed to ambient gases or pure oxygen. This
suggests that the oxidized copper is a source of copper ions that are transported
through the SiO, via diffusion and drift, leading to the failure of the devices. For this
reason, a diffusion barrier between the copper interconnect and the SiO; is necessary
to prevent Cu migration into the dielectrics. At the Cu/SiO; interface, the formation of
interface oxides and silicides depends on the ambient temperature and the partial
pressure of oxygen gas. Understanding how the structure of these metal/dielectric
interfaces depends on oxygen pressure and temperature thus has crucial importance for

the reliability of electronic devices.

In this section, we determine the phase diagrams of Cu/SiO; interfaces as a function
of oxygen pressure and temperature using ab initio atomistic thermodynamics, i. e. by
combining the results of density functional theory (DFT) based calculations with the

thermodynamics of the grand canonical ensemble. Our work offers an explanation for
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the impact of the oxygen environment on formation of the interfacial oxides and

silicides at Cu/SiO, interfaces.

Figure 3.1. Optimized M: é: SiO, interface structures with different interfacial O

concentration (). (@) 6 = 0, (b) clean interfaces at 8 = 0.5 and (c) Oxidized
interfaces at ¢ = 1.75. (red=0, yellow=Si, salmon-pink = Cu). Green dashed
arrows represent a process that one oxygen atom at a time is added to the

interface structures.

3.2 Computational methods

The Cu/SiO, interface model was constructed by positioning a (4 x 4) Cu(111) slab
on top of the (2 x 2) SiO,(0001) slab and adding 12 A thickness of vacuum. Half of
the O atoms from the O-terminated SiO,(0001) surface were moved to the Si-
terminated surface of the SiO; slab in order to eliminate the instability due to the
dipole moment. The dangling O atoms at the bottom of the SiO; slabs were passivated
with H atoms. The lattice parameters of the interface areas of the metal slabs were
adjusted to those of SiO; in the plane of the interface and the resulting misfit of

Cu/SiO, interfaces was about 2%.

The interfacial O concentration (0 ) varies between 0 <6 <1.75 in units of 0.125 for

Cu/SiO, interfaces, which can be represented by Cu: 6 : SiO,, where 6 is defined as the
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ratio of O atoms to the total number of Si and O atoms at the interface. Three
representative interface structures, where 6 = 0, 0.5 and 1.75, are shown in Figure 3.1.
When 6 = 0, the interface structures contain only Cu — Si bonds (Figure 3.1a), which
corresponds to the formation of silicide structures in an oxygen lean environment. For
6 =0.5, the number of O atoms equals the initial number of O in the initial SiO, slab,
and equal numbers of Si and O atoms from the SiO; side of the interface form bonding
with metal slabs, as shown in Figure 3.1b. When 6 =1.75, the interfaces have excess
amount of O atoms which results in significant interface reconstructions. These
interfaces with 6 = 0, 0.5, 1.75 are referred to as “silicide”, “clean” and “oxidized”
interfaces, respectively. Later we will see from the phase diagrams that these

interfaces with different & correspond to different oxygen pressure and temperature.

In order to obtain the interface phase diagrams, we employ ab initio atomistic
thermodynamics,[67] which has been successfully applied to various systems
including adsorption,[63] co-adsorption on surfaces[68—70] and interfaces.[71,72] For
the Cu: @: SiO; interface structure in thermodynamic equilibrium, the interface free

energy (yg) can be obtained by

Yoo = %(Geo — Nsillsi — NoMo — nCu:uCu) — 0sioH — Ocu (3.1)
where Gyis the Gibbs free energy for Cu: 6: SiO, interface, A is the interface area, and
ngj, o and ng,, are the number of Si, O and Cu atoms in the system, respectively. pug;
and pq are the chemical potential of Si and O in a-quartz structure. osioy and oc, are

the surface energies of the non-interacting surfaces of the slab. Equation (3.1) can be

written,
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1
Yo =4 (Goo — nsiGsio, — (Mo — 2nsiHo — Ncubeu) — sion — Tcu (3.2)
where,
Hsi + 210 = Gsio, Heu = Geu (3.3)

and here Gg;p,and Gc, are the Gibbs free energies of bulk quartz SiO; and bulk Cu,
respectively. We further define the relative interface free energy (Ayg) by using y, s as

a reference and replacing ng — 2ng; by 4(26 — 1) in equation (3.2).

1
Ao = Yo — Yos = 7[Eoq — Eos — 4(260 — Dduo(T, Po, )] (3.4)

Using the interface free energy relative to that of a reference system reduces the
computational cost and determines the stability of various interface structures. Since
the interface structures are assumed to be in thermodynamic equilibrium in contact

with sources of molecular O, the ug is equal to half of ug,, which is a function of

temperature (T) and oxygen pressure (Po,),

1o, (T, Po,) = EQ' " + Ao, (T, Po,) (3.5)

where EQFT is the DFT energy of an O, molecule in gas phase. For the ideal gas,

Apo, (T, Po,) = Ao, (T, P°) + kgTin(Py,/P°), (3.6)
where kg is the Boltzmann constant and Ap, (T, P°) can be obtained from JANAF

thermodynamics tables.[64] In Equation (3.4), we neglect the configurational and
vibrational contributions to the relative interface free energy because these two terms

only result in minor changes to the interface phase diagrams.[73]
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3.3 Results and discussion

We calculate the relative interface free energy Ayg, which is defined in equation (3.4)
as the difference between the interface free energy of Cu: 6 : SiO; and that of clean
Cu: 0.5: SiO,. The relative interface free energies as a function of oxygen chemical
potential are displayed in Figure 3.2. The lower boundary Apg, = - 5.0 eV is defined
to avoid the decomposition of bulk a-quartz into silicon and oxygen. The straight lines
with different slopes represent Cu: & : SiO, interface structures with different
interfacial oxygen concentration €. Figure 3.1 shows the optimized structures of Cu: &
: SiO; heterostructures. The silicide interface with 8 = 0, which has the line with the
largest positive slopes, is the most stable phase between the oxygen chemical
potentials of -5.0 and -3.38 eV. As we can see from Figure 3.1a, the Si atoms form
bond with two Cu atoms with the bond distances of 2.36 A. This indicates the
formation of stable Cu,Si silicide structure at the interface under the oxygen lean
condition. The clean interface with & = 0.5 becomes stable within a narrow stability
region. The three stable regions appear with excess O for the Cu: € : SiO; interface:
0.5<6<0.875,0.875 < < 1.25 and 1.25 < @ < 1.75, which have the borders at
Aup=2.91 and 1.29 eV, respectively. The calculated formation energy of Cu.0O,
hcu,0=1.24 eV,[74] approximately equal to the oxygen chemical potential where the
lines corresponding to Cu: 1.25 : SiO, and Cu: 1.75: SiO; interfaces. Figure 3.1c
shows the significant rearrangement of interface atoms to form Cu — O bonding and
the penetration of O atoms to the Cu slab, which is similar to previous computational
works.[75,76] The Cu — O bond distance varies between 1.84 - 2.04 A, which are the
similar to the calculated Cu — O distance of 1.87 A in bulk Cu,O. This implies the

formation of stable Cu,O appears at the interface starting from 6= 1.25.

26



3. Interface Composition of Cu/SiO2 Interface

0.2

e
—
|

Interface free energy Ay, (eV/IA?
o
o

-0.1 4
£
g I
E a =)
[¢’]
'0.2 T | T
-5 4 0

oxygen chemical potential Au (eV)

Figure 3.2. The relative interface free energy as a function of Au(O )for the Cu: 6:

SiO, interface. The vertical dashed lines are the boundaries between two different

stable interface structures

The intersection points of the lowest lying lines in Figure 3.2 determines the certain
values of oxygen chemical potential Aug as the boundary of two stable interface
structures. Substituting these values of Aug to equation (6) yields phase diagrams as a
function of oxygen pressure and temperature, which are shown in Figure 3.3. For the
Cu : 0 : SIO, interface structure, the interfacial oxide phases prefer high oxygen
pressure and low temperature while the silicide phases are stable at low oxygen
pressure and high temperature. Valladares et al. obtained Cu,O in a Cu/SiO2/Si
system obtained by thermal oxidation following annealing Cu thin film at 200 °C

under atmospheric pressure.[77] They observed the mixture of Cu,O and CuO at the
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temperature of 250 — 300 °C. Benouattas et al. observed the silicide formation after
annealing the Cu/SiO,/Si system at temperature of 600 — 750 °C and under a vacuum
of 6 x 10" atm.[78] Our results are consistent with these experimental data at

different temperature and pressure.

O, pressure (atm)

400 600 800 1000 1200 1400
temperature (K)

Figure 3.3. The interface phase diagrams of Cu/SiO,

In summary, we used ab initio atomistic thermodynamics to investigate the interface
stabilities of Cu/SiO, interface. We calculated the interface free energies as a function
of oxygen chemical potential for interface structures with different amount of
interfacial oxygen content, from which the phase diagrams as a function of oxygen
pressure and temperature are obtained. We demonstrate that our predicted temperature

and oxygen pressure are in agreement with experimental results. Our result offers an
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explanation to determine the interface structures of Cu/SiO, interface in a range of

oxygen pressure and temperature.

3.4 Conclusion

The surface energy of SiO, and Cu/SiO; interface energy are dependent on the surface
composition of SiO,, e.g.