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ABSTRACT OF THE THESIS

Thermodynamic Screening of Reaction Chemistries for Atomic Layer Etching of Metals

by

Yantao Xia

Master of Science in Chemical Engineering

University of California, Los Angeles, 2020

Professor Philippe Sautet, Chair

A framework to study the thermodynamics of chemistries of the etching step in ALE pro-

cesses is presented. The effects of two modifiers(O & N), two substrates(Cu & Ni) and two

etchants(formic acid and formamidine) on etching energy are studied with two models. The

bulk model uses the bulk formation energy to provide a quick estimate of the etching energy,

while the layer model incorporates effects of surface stability and adsorbate configurations.

The effect of etchants is independent of models used. Etching by formic acid is favored by

0.45 eV on Ni but slightly disfavored by 0.07 eV on Cu. The two models produce the same

qualitative results: on the bare metal, all modifier/etchant pair is unfavorable; on activated

substrates, etching is unfavorable for Ni but favorable for Cu. The bulk model shows that

the effect of modifiers is insignificant on Cu, but on Ni the O activation is favored by 0.20

eV. With the layer model, a difference of ∼ 0.3 eV favoring the N activation is observed

for Cu substrate. On Ni substrate this effect depends on coverage. Below ∼ 0.07Å
−2

, N

is the favored modifier. The reverse is true above ∼ 0.07Å
−2

. The layer model is applied

to metastable structures on Ni/O/FAmd system formed by placing O atoms in sublayer in-

terstitial sites, resulting in a favorable etching energy consistent with the experiments. The

validity of the layer model is established, but the structures fed into the model must be

carefully selected to match with the actual substrate.
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CHAPTER 1

Introduction

The spectacular growth of information technology is to a large extent fueled by the ever-

succeeding attempt of the semiconductor industry at feature size scaling. The urgency of

this eventual goal increases as single-digit nanometer technology nodes are approached. The

introduction of 3D devices makes it necessary to control vertical film thickness, in addition to

the already stringent requirement of patterning planar features. At the same time, significant

advances are possible with introduction of new materials to the circuitry. As the introduction

of extreme ultraviolet photolithography suffers from repeated delays, the burden of keeping

up with Moore’s law increasingly falls on developing more precise etching processes. To

achieve the required device fidelity on hard-to-etch metals with complex geometries, a general

approach to engineering metal surfaces on the atomic scale is urgently needed[8].

The focus of the present thesis is etching metals. Conventional wet etching approaches

used in the fields of metallurgy and art exposes patterned metals to various acids. Metal

becomes oxidized and dissolve into the liquid phase. Wet etching offers fast etch speed

but the Brownian motion of the etchant molecules always results in uniform etching in

all directions(isotropic etching), rendering it unsuitable to pattern the high aspect ratios

structures today. In addition, the harsh chemical conditions may be corrosive to existing

structures.

Today, dry etching is the dominant technique for patterning. Two mechanism are at

work in dry etching: (1) chemical etch process, in which neutral radicals react with the

surface, producing volatile products, and (2) sputtering, which relies on the kinetic energy of

inert ions to disrupt the lattice and eject substrate atoms. Common etching techniques are

shown in Figure 1.1. Neutral chemical etch (A) is always isotropic, able to reach underneath
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masking material. In sputtering(B), the ions are accelerated toward the substrate, leading to

vertical direction being preferred, but the side wall slopes outward due to the finite mean free

paths of the ions, making it difficult to create high-aspect ratio structures. In reactive ion

etching(RIE, C), nearly vertical side wall is achieved when chemical etch is re-introduced. In

this technique, mechanisms (1) and (2) cooperate. Structures with still higher aspect ratios

are possible with inhibitor films in ion-enhanced inhibitor etching(D), where the sidewalls

are protected from etchant contamination by repeated deposition of the inhibitor.

Figure 1.1: Schematic of different vertical etching profiles. A) neutral radicals in chemical

etching produce isotropic profiles. The substrate underneath the mask is etched away. B)

sputtering is anisotropic, but cannot create deep trenches due to the non-vertical sidewall. C)

Ion-enhanced etching is able to create near-vertical sidewalls. D) Inhibitor etching protects

the sidewall by an inhibitor, enabling even higher aspect ratio and prevents excessive sidewall

damage from neutrals(reactive radicals).

A major drawback of the aforementioned existing continuous dry etching techniques is
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their inability to precisely control vertical etch thickness, which provides the opportunity

window for atomic layer etching(ALE).

The conceptual reverse of atomic layer deposition(ALD), ALE was first reported in the

1980s. While ALD has since saw wide-range industry adoption, ALE was considered too slow

to be practical until developments in the last decade brought it back under intense investi-

gation when applications emerged where precision rather than speed is the bottleneck[21].

The technique can be thought of as RIE with time separated doses. In RIE, ions and rad-

icals are present in the same time frame. In ALE, the ions and radicals are introduced in

time-separated pulses. The ions are used to modify the surface, creating a surface layer of

different chemical composition, but do not themselves sputter etch. The neutrals are intro-

duced after ions are purged. The removal is accomplished either by sputtering with inert

species (e.g. Ar) or reaction that forms a volatile compound. Under both scenarios, only

the activated pattern is removed, and thickness reduction stops when the pristine substrate

is exposed. In both steps, the reaction limits itself to the surface layers. In contrast to RIE,

in ALE the energy of the ions must be kept as low as possible to avoid sputtering and/or

diffusion deep inside the substrate. The self-limiting nature of the reaction enables precise

thickness control, since the etch rate no longer depends on exposure time.

The main engineering challenge in ALE is that surface reactions must be mutually exclu-

sive. Consider the plasma ALE process on Si[47], depicted in Figure 1.2. In the activation

step, plasma-assisted chlorine adsorption activates the Si surface. The energy source for

removal step is Ar+ plasma. In the activation step, the ion energies must be kept low to

stay in the ALE regime. In this case, the process window that allows for ALE is 40-60V in

terms of RF bias in the chlorination step. Higher energies result in a loss of selectivity to the

sputtering mechanism. Etching at lower energies are too slow. At the middle of this range,

etch-per-cycle(EPC) is ∼ 12Å, corresponding to roughly 3 layers of atoms.

The fact that the same chemistry can be used in both ALE and continuous modes enables

an interesting comparison. If Cl2 and Ar doses are not time separated, a continuous etch

results. Within the ALE bias voltage window, the selectivity of ALE is an order of magnitude

higher than that of RIE.
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Figure 1.2: Si/Cl2/Ar plasma ALE Process. Chlorination-activated Si surface is sputter-

etched with Ar+ plasma.

Here, the chlorine activation must be self-limiting, because if Cl atoms migrates indef-

initely into the Si layer the thickness of SiCl4-like layer formed(and subsequently etched)

would be dependent on Ar+ exposure time. Similarly, Ar+ plasma must not be energetic

enough to sputter the Si substrate on its own.

The Si/Cl2/Ar+ example is entirely plasma based. The alternative, thermal ALE, is dis-

cussed in the next example. Consider the process depicted in Figure 1.3. HF gas adsorbs on

the surface of alumina(Al2O3) to form a stable and nonvolatile AlF3-like layer, releasing H2O

as a by-product. After purging HF, the AlF3 layer is reacted with trimethylaluminum(TMA)

to form the volatile AlF(CH3)2 complex that must be purged before the HF is re-introduced.

The dangling methyl groups on the surface are removed at the next cycle by HF to form

methane. In addition to the same requirement that fluorination does not proceed indefi-

nitely, and that TMA is not reactive on Al2O3, the case here is complicated by the fact that

TMA and HF are used for ALD of AlF3 at lower temperatures. The ALE reaction can be
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written in overall(unbalanced) as follows:

AlF3 + Al2O3 + Al(CH3)3 AlF(CH3)2↑ + AlOx(CH3)3–x {1.1a}

AlOx(CH3)3–x + HF AlF3 + H2O↑ + CH4↑ {1.1b}

The competing ALD reaction is as follows:

AlF3 HF + Al(CH3)3 AlFx(CH3)3–x↓ + CH4↑ {1.2a}

AlFx(CH3)3–x + HF AlF3 HF + CH4↑ {1.2b}

The competition between ALE of Al2O3 and ALD of AlF3 makes the time separation of

doses critical, as the simultaneous presence of HF and the etching product Al(acac)3 leads

to deposition of AlF3.

Figure 1.3: Al2O3 thermal ALE Process. Fluorine-activated Al2O3 is etched with tetram-

ethylaluminum(TMA).

The defining feature of ALE is not the exact removal of one layer of atoms, but rather

the well-defined etch thickness(etch-per-cycle, EPC), independent of the exposure time. The

amount of material removal can be controlled easily via the number of cycles. From a
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practical point of view, it is difficult to determine exactly the number of atomic layers

removed. In this sense, demanding the strict “atomic-layer” level of control is not meaningful

at the present.

Both steps have the choice of being a thermal or plasma process. Plasma works to fa-

cilitate the reaction thermodynamically by increasing overall reaction free energy gain, and

kinetically by lowering activation energy barrier, respectively. For the activation step, some

substrates/modifier combinations(termed “system” subsequently) are simply non-reactive

under thermal conditions(e.g. Cu with N2). More importantly, plasma is required in either

activation or etching for the whole process to be anisotropic. On the other hand, the en-

ergetic species in even low-energy plasmas(with ion energies of 10-20 eV) can damage the

existing structure, leading to device failure. The ideal plasma ALE process would use a

low-energy plasma such the only effect of modifier ions is directional activation, devoid of

any sputtering[1, 22].

Metallic systems play a key role in logic gates and interconnects[32]. Traditional continu-

ous metal etching is plagued by the re-deposition problem since the metal vapor has a strong

driving force to recombine. The problem can be circumvented if the metal atoms in the

vapor is stabilized by organic ligands to form stable, volatile metal complexes. This in turn

requires a thermal etching step. The activation step must then be plasma-assisted. Plasma

can also act as energy source in the activation step, as in the Si plasma ALE example. Extra

source of energy is especially important on the noble metals(e.g. Cu). These fundamental

considerations suggest that a thermal/plasma mixed process is ideal for metal ALE.

At the turn of the century, first principles modeling on extended surface was prohibitively

expensive. Practical constraints led researchers to use empirical force fields[2, 44]. It has since

become clear that successful discovery of ALE requires a deeper understanding of self-limiting

surface reactions, for which empirical force fields are insufficient. Recent advances in ab-

initio computational chemistry methods(particularly density functional theory(DFT)) and

the explosion in computational power have made simulations of large-scale surface processes

possible.
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Existing computational investigations offer little guidance on process discovery. Rather,

studies follows the pattern of microkinetic studies in the computational catalysis field[15].

When the precursors/etchants are not known precisely, such detailed knowledge is not war-

ranted. Since the number of demonstrated ALE processes is still very limited, in silico ALE

process discovery, if possible, can provide great impetus to the field. The first step toward

this goal is the accurate evaluation of the thermodynamics involved.

The metals of widest industrial interest are Cu, Ni, Fe, Zn, and Co[35], of which Cu and

Ni are the concerns of this study. Cu is by far the most-used metal in circuitry, mainly as

interconnects. As features scale down, Ni interconnects have the potential to replace the Cu

counterpart, due to its decreased electron mean free path. Other applications of Ni include

EUV photolithography masks and optical storage material.

Oxygen and nitrogen are selected as modifiers. Oxygen is the most used modifier in

ALE/ALD after the halogens, but using O as the modifier is problematic because the presence

of native oxides on surfaces can create unintended activation. Nitrogen were selected to

explore the possibility of replacing oxide based processes. Although existing ALE processes

often use halogen-activated surfaces, it is desirable to avoid them, for their high reactivity

leads to side wall damage.

For etchants, formic acid(HFA) and formamidine(HFAmd) were selected as representa-

tives of the carboxylato- and amidinato- families of compounds, both of which have had

successes in ALE/ALD of transition metals[31, 28, 32, 45]. The two families provide many

opportunities for functionalization, making them highly versatile for etchant design. The sys-

tematic study of etchant is not the focus of this study, hence the amidinate and carboxylate

structures are limited to non-substituted formamidine and formic acid ligands, respectively.

At the time of writing, a working process based on oxygen plasma activated Ni with HFA

as the etching chemistry has been demonstrated[45]. Considered the target process, Gibbs

free energies and chemical potential used to calculate adsorption energies are evaluated at

the demonstrated conditions(80◦C and 350 Torr).

The thesis is organized as follows. In Chapter 1, a brief survey of etching techniques
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is given, highlighting the need for new metal etching processes, ALE’s unique position to

fulfill that need, and the role of simulations. In Chapter 2 discusses elements of methods

applicable to all subsequent models, including a brief description of plasma physics, DFT,

and details on the determination of complex structures. Chapter 3 discusses the methods and

results specific to the bulk model. Chapter 4 derives the layer model with the Ni/O example,

with applications to proposed ALE processes with substrates/modifiers/etchants discussed

above. Chapter 5 probes the metastable structures formed due to lattice disruption by ions

in plasma activation step. Conclusions and future directions are discussed in Chapter 6.

8



CHAPTER 2

Methods

2.1 The plasma and thermodynamic equilibria

Plasma is formed when the electrons in gas phase atoms/molecules are excited. The molecules

can dissociate, ionize, creating a sea of energetic free electrons and excited species. The work-

ing principle of plasma-assisted reactions is illustrated in Figure 2.1. By increasing the energy

of the reactant, activation energy Ea is decreased, and a normally endothermic reaction can

be made exothermic since the final product on the surface is not excited. Energy is still con-

served because continuous energy input is required to sustain the plasma as excited states

spontaneously decay to the ground state, releasing energy in the form of light and heat.

Figure 2.1: Energetics of plasma-enhanced chemistry. A thermal reaction with a positive

ET
rxn (endothermic) is converted to a plasma reaction with a negative EP

rxn. The large kinetic

barrier ET
a is also decreased to EP

a in the plasma process, resulting in a much higher reaction

rate.
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While the energy can be supplied in thermally by heating gases to high temperatures(e.g.

a flame), thermal plasma cannot be used for semiconductor fabrication. At the temperatures

processes can operate at, thermal energy alone is not enough to ionize the gases appreciably.

Since the target is to ionize, not to accelerate, electric fields can selectively transfer energy

to the ions and electrons. A DC plasma is formed when a strong DC field is applied across a

gas. Electrons and ions are accelerated toward the cathode, and cathode, respectively. If the

acceleration is greater than electrostatic force holding the electrons to the nucleus, ionization

results. Various other methods for plasma generation exist but they do not concern us here.

It is enough to understand that a plasma is an inter-penetrating fluid of free electrons,

radicals, excited states of molecules, fragments, atoms, and ions. The bulk of the plasma

is charge-neutral, but a thin, negatively charged sheath is maintained at the boundary of

the plasma. The sheath keeps the electrons inside the bulk plasma, but accelerates the ions

toward the surface. The determination of the composition, the subject of plasma diagnostics,

is difficult if not impossible[9, 10].

While plasma processing is a non-equilibrium process in the sense that electrons are not

at thermal equilibrium with other species, whether the heavier species are at equilibrium is

a different question. The equilibrium among the heavy species within the plasma, between

the plasma and the substrate, and among the surface phases on the substrate depend on the

pressure, temperature, and time scale of the process. It is natural to assume the surface-

plasma reactions are equilibrated, given the self-limiting nature of ALE activation step. The

equilibrium among surface phases is also assumed to allow determination of surface fractions.

2.2 Computational methods

The primary computational chemistry method used in this study is density functional the-

ory(DFT). The Hohenberg-Kohn theorem[19] transformed the complicated many-body prob-

lem of solving the Schroedinger equation into one that solves for the electron density, which

depends only on three coordinates. A unique but unknown functional on the density then

yields all the properties of the system. In practical Kohn-Sham DFT implementations[23],
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the unknown exact functional is approximated with an analytical inexact functional.

All quantitative results used in this thesis are obtained using Vienna Ab-initio Simulation

Package(VASP)[24, 25] using the projector-augmented wave(PAW) formalism[6, 26]. The

PBE[42] exchange-correlation functional is used for bulk lattice parameter optimization,

surface slab models, and isolated molecular/atomic species. A progressively finer numerical

setup is used in structural relaxations, but all final values listed in the main text are calculated

at the same level of accuracy. In cases where molecular isomerism is difficult to resolve using

PBE in VASP, the most stable structure is determined in Gaussian’16[16] + B3LYP[5, 27]

functional. Gaussian is also used as a pre-optimizer for larger molecules. More details about

computational setup can be found in the Appendix A.

2.3 Bulk lattice and molecular structure determination

Lattice parameters of Cu, Ni, and their oxides/nitrides are re-optimized from their experi-

mental values to avoid any artefactual strain. The choice of bulk species is motivated by the

species most likely present in the target process.

Cu3N and Ni3N are the only principal nitrides of copper and nickel, respectively. Other

structures are claimed but are rare. Both nitrides have a positive standard Gibbs free

energy of formation(meaning that they would spontaneously decompose to the metal and

N2 gas under ambient conditions), hence their synthesis typically require non-equilibrium

techniques such as RF reactive sputtering[54] and DC magnetron sputtering[38]. Recently,

ALD processes of Cu3N and Ni3N films were reported[41, 29, 50]. All of these are deposition

techniques: Ni and N atoms are introduced in vapor phase and deposit on the substrate.

However, a N-enabled ALE requires direct activation of metal substrate by nitrogen, for

which success is reported with plasma-assisted ion implantation technique[48].

Copper oxide has three major phases: Cu2O, CuO, and CuO2. It is known that Cu2O is

formed when Cu(111) surface is exposed to oxygen[20]. Computational investigation suggest

that similar effects would be present for at least Cu(100) and Cu(110)[12, 34]. NiO is the

only known nickel oxide and its presence as a native oxide on Ni films is reported[18]. The
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structures and bulk formation energies of the nitrides and oxides are summarized in Table

2.1.

Table 2.1: Optimized bulk lattice and formation energy. All experimental values are

obtained from CRC Handbook of Chemistry and Physics [11] unless otherwise stated. The

two numbers in Ni3N lattice correspond to a and c, respectively.

Lattice [Å] Atomization Energy [eV]

System Exp. Calc. Exp. Calc.

Ni 3.52 3.52 4.45 4.65

Cu 3.62 3.64 3.50 3.49

NiO 4.18 4.20 9.52[7] 8.96

Cu2O 4.27 4.31 11.32 10.18

Ni3N 4.64/4.31[49] 4.62/4.31 N/A 19.05

Cu3N 3.81 3.83 14.62[14] 14.52

The optimized geometries agree very well with experiments. The lattice constants of

metals and the nitrides differ less than 0.02 Å. The oxides are over-binded, as expected.

The formation energies likewise agree well calorimetry data, differing no more than 0.2 eV

per stoichiometric unit, the inherent inaccuracy in DFT. Experimental values are used for

the oxide systems(NiO and Cu2O) since these are well-known pathological cases for DFT.

PBE functional is known to significantly underestimate the electron correlation effects and

over-binds these oxides. The PBE results are kept here for completeness.

Formamidine(HFA, HN CHNH2)and formic acid(HFAmd, HCOOH) are small molecules

with well-known structures but their metal complexes are either not characterized in the gas

phase or experimental results conflict among themselves. For consistency, in silico struc-

tural determination is done for complexes used in this study wherever conclusive evidence

is lacking. A note on terminology: throughout the text, HFA is used to refer to the neutral

formic acid molecule, and FA refers to the ligand. The same convention is observed for the

formamidine etchant and the ligand. The protonated neutral molecule are termed etchants,

the deprotonated charged fragments are called ligands.

12



XRD on a range of copper(I) amidinates of the formula [R’NC(R)NR”Cu]2 (R’ and R”

= n-propyl, isopropyl, n-butyl, isobutyl, sec-butyl, tert-butyl; R = methyl, n-butyl) in the

solid phase suggest a planar dimer structure[31]. Since this is a molecular crystal, the gas

phase configuration is assumed to be the same.

Nickel(II) amidinate complex was first synthesized by Gordon et. al.[32]. Distorted

square planar and tetrahedron structures were proposed, but the experimental structure

characterization is inconclusive. On the basis of it having similar 1H nuclear magnetic reso-

nance(NMR) data and sublimation temperature to the Co(II) equivalent, the Ni complexes

were determined to have a distorted tetrahedron structure. But neither NMR nor sublimation

is conclusive structural evidence. This problem was investigated in an early DFT study[28]

with the PW-91 exchange-correlation functional, implemented in the DMol3 package. The

stability of the two configurations were compared for a series of complexes Ni(RNC(R’)R)2

where R = i -Pr, t-Bu, s-Bu or t-Bu and R’= Me, Et or trifluoroethyl. The results point to

the tetrahedron being around 6 kcal/mol(0.26 eV) more stable than the square planar con-

figuration for the formamidinate. On the other hand, it is noted that planar configurations

might become more favorable if aryl groups are used for both R and R’ substituents[37].

The electronic energies of planar and tetrahedral configurations of the nickel formamid-

inate complexes were calculated. PAW-PBE calculations show that the planar complex is

0.5 eV more stable than the tetrahedron, contradicting the literature calculations. Confir-

mation was sought with PAW-B3LYP, considered better for organic molecules. The result

indicates that the planar configuration is favored by 0.2 eV. A Gaussian 16[16] calculation

with B3LYP hybrid functional in a localized basis sets(TZV on Ni atom, 6-31G(d,p) on the

rest) shows a trajectory from tetrahedron into the square planar configuration. These pieces

of evidence allowed us to conclude that the square planar configuration is preferred in the

gas phase.

Nickel formate crystallizes in monoclinic crystal structure with space group P21/c[53].

Information on the gas-phase molecule is lacking. Taking one stoichiometric unit of the

crystal and removing the water ligands results in a monodentate structure, but it was found to

be unstable by 1.5 eV compared with the bidentate structures. For the bidentate structures,
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a similar problem of distorted square planar vs. tetrahedral structure is found here. The

square planar configuration is found to be more stable by 0.5 eV. Since the square planar

structure is typical of 16-electron Ni(II) d8 complexes[3], higher levels of theory were not

attempted.

Adsorbed formate in monodentate, bidentate, and ionic forms are present on Cu, Cu2O,

CuO surfaces[33]. Early mass spectroscopy suggests a formate dimerizes in vapor phase[13,

39]. Although no direct structural determination exists for the formate complex, the related

copper acetate complex is shown to crystallize in the P21/m space group as infinite sheets

of 8-membered rings[40]. The high vapor pressure of the complex suggest there is little

structural difference between the vapor and the solid phases of the copper acetate complex.

Inferring from this evidence, copper(I) formate complex is taken to be a dimer structure in

vapor phase.

The molecular structures can be visualized in Figure 2.2. The electronic energies used

to determine relative stabilities are also listed. The reader is reminded that at the present,

experimental confirmation of their existence as ALE products is lacking.

In all subsequent discussion, the Gibbs free energy G is used instead of the electronic

energies. For the molecules, the translational, rotational, and vibrational contributions are

considered. The correction for zero-point energy is applied. Vibrations in the solids are

not treated. When energies are discussed, an absolute scale is used. “higher” always refers

to being more positive, and “lower” always refer to being more favorable. Thus, higher

adsorption or etching energies refer to adsorption or etching being less favorable, respectively.
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Figure 2.2: Relaxed structure models and electronic energies of unsubstituted metal

complexes considered. HFA,HFAmd: Formic acid (HFA) and formamidine (HFAmd)

etchants. 1,2: distorted square planar copper formate and copper formamidinate complexes.

3a,3b,3c: nickel formate in monodentate, bidentate planar and bidentate tetrahedral struc-

tures considered, respectively. 4a,4b: nickel formamidinate in square planar and distorted

tetrahedral structure, respectively.
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CHAPTER 3

The bulk model

The first step to computationally screen ALE reaction chemistries is the development of an

energy expression for the etching step. The first model in this thesis, the bulk model, is

described here with the example ALE system composed of O2 plasma, nickel, and formic

acid as modifier, substrate and etchant, respectively. For the chemistry to be applicable, the

following reaction must be thermodynamically favorable and occurs at a significant rate:

·NiO + HFA · + [Ni(FA)2] + H2O {3.1}

Equally important is that at the same time, the etch reaction on pristine nickel should be

unfavorable or prohibitively slow:

·Ni + 2 HFA · + [Ni(FA)2] + H2 {3.2}

In these and subsequent chemical equations, · indicates a surface species. At the basic level

considered in this thesis, only thermodynamics are be assessed. The näıve expressions for

Gibbs free energy change of etching reactions(etching energy) are the following:

∆Get,NiO = [G[Ni(HCOO)2] +GH2O + ·]− [G ·NiO +GHCOOH] (3.1)

∆Get,Ni = [G[Ni(HCOO)2] +GH2
+ ·]− [G ·Ni +GHCOOH] (3.2)

The term G · − G ·Ni represents the energy cost of removing one nickel atom from the top

layer. Likewise, the term G · − G ·NiO is equal to the energy cost of removing one stoichio-

metric unit of nickel oxide. The bulk model simplifies the problem by assuming that the

same pristine nickel/nickel oxide surface is exposed after one cycle. Therefore, the surface

formation energies are unchanged, and surface effects cancel out each other. Under this
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assumption, removing one atom from the surface is on average equivalent to bringing it out

from the bulk lattice, energetically equal to the Gibbs free energy of formation of Ni(3.3).

G · −G ·Ni = −GNi. (3.3)

For the activated substrates(e.g nickel oxide), it is further assumed that the surface oxide

has the stoichiometry and formation energy of the bulk oxide(Eqn. 3.4).

G · −G ·NiO = −GNiO (3.4)

Thus the meaning of “bulk” is two-fold: the bulk formation energy is used for (1) pristine sub-

strate, because same surface is regenerated and (2) activated substrate, because activation

layer is assumed to take the bulk structure. The determination of all the terms appear-

ing in equations 3.3 and 3.4 is described in Chapter 2. Substitution back into Equations

3.1-3.2 gives the etching energy expression in the bulk model. The combination of Ni/Cu

substrate, N/O modifier, and formic acid(HFA) / formamidine(HFAmd)etchants results in

eight potential ALE systems, listed in Table 3.2. The relevant chemical equations for all

eight combinations of metal/modifiers/etchants are given in Rxn. 3.3-3.8.

·Ni + 2 HFA [Ni(FA)2] + H2 {3.3a}

·Ni + 2 HFAmd [Ni(FAmd)2] + H2 {3.3b}

·Cu + HFA
1

2
[Cu2(FA)2] +

1

2
H2 {3.4a}

·Cu + HFAmd
1

2
[Cu2(FAmd)2] +

1

2
H2 {3.4b}

·
2

3
Ni3N + 2 HFA [Ni(FA)2] +

2

3
NH3 + ·Ni {3.5a}

·
2

3
Ni3N + 2 HFAmd [Ni(FAmd)2] +

2

3
NH3 + ·Ni {3.5b}

·NiO + 2 HFA [Ni(FA)2] + H2O {3.6a}

·NiO + 2 HFAmd [Ni(FAmd)2] + H2O {3.6b}
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·
1

3
Cu3N + HFA

1

2
[Cu2(FA)2] +

1

3
NH3 {3.7a}

·
1

3
Cu3N + HFAmd

1

2
[Cu2(FAmd)2] +

1

3
NH3 {3.7b}

·
1

2
Cu2O + HFA

1

2
[Cu2(FA)2] +

1

2
H2O {3.8a}

·
1

2
Cu2O + HFAmd

1

2
[Cu2(FAmd)2] +

1

2
H2O {3.8b}

It is seen from Rxn. 3.3-3.8 that the balances for HFA and HFAmd are completely analogous.

For brevity, reactions are not repeated for the two etchants from here on.

For Ni3N etching, the stoichiometry of the complex and the nitride does not allow for a

simultaneous removal of three Ni atoms per one N atom. There is a deficiency of nitrogen

content on the bulk nitride substrate. Therefore, the etching would lead to either a nickel-rich

surface, as indicated by the appearance of Ni atoms on the product side in Rxn. 3.5a-3.5b,

or production of H2, according to Rxn. 3.9

·Ni3N + 6 HFA 3 [Ni(FA)2] + NH3 +
3

2
H2 {3.9}

The relative significance of the two competing reactions depend on µN and µH, the chemical

potential of nitrogen and hydrogen, respectively. More explicitly, the position of the following

equilibrium determines the relative importance of the two balances:

·Ni +
1

3
NH3 ·

1

3
Ni3N +

1

2
H2 {3.10}

At the target process conditions, the free energy change of Rxn. 3.10 is +0.27 eV,

favoring the left(reactant) side. At target process conditions, µN = −8.5eV due to the N2

carrier gas. At this chemical potential, the Ni3N phases are not thermodynamically stable

under with trace amounts of H2 presence. Depending on µH, the exposed terminations

would be N/Ni(111), N/Ni(100), and N/Ni(210)[51]. It is therefore determined that Rxn.

3.10 heavily favors the reactant side, and Rxn. 3.5 is the preferred balance.
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Note that the deficiency of nitrogen in Ni3N(in fact, any stoichiometric “mismatch”) is

of no concern for the practical ALE process. It simply means that if 2l Ni layers are affected

by the nitridation, only l layers of Ni would be removed, resulting in a lower etch-per-cycle.

But the process remains to be alternating cycles of nitrogen plasma and etchants.

Table 3.1: Gibbs free energy of etching reaction on pristine substrates(∆Get,M, Eqn. 3.1)

from the bulk model, for Rxn. 3.3-3.4.

Substrate Etchant ∆Get,M[eV]

Ni HFA 1.61

Ni HFAmd 2.07

Cu HFA 0.58

Cu HFAmd 0.50

The etching energies on the pristine substrates, ∆Get,M, are shown in Table 3.1. Both

Ni and Cu are expected to resist etching by HFA and HFAmd due to the large values of

∆Get,M, making self-limiting reactions possible. The results on bare metal substrates in-

volving HFAmd is expected since the amidinate complexes, substituted derivatives of the

formamidinate complex, are used to deposit Cu and Ni in ALD [31]. The co-reactant re-

ported is H2, hence the reaction is the exact reversal of the ALE reaction. Overall, Ni has

higher(more unfavorable) etching energies than Cu for the pristine substrate.

The etching energies of the activated substrates are given in Table 3.2. All four modifier

and etchant combinations give a slightly favorable etching energy on Cu, although an etching

energy of ∼ 0.1 eV is rather small. Etching on Ni with all four modifier/etchant combinations

are positive(unfavorable). The calculated etching energy +1.51 eV of HFA etching Ni3N is

consistent with reports of Ni3N deposition using amidinate complexes of nickel, although the

ligands in the report are heavily substituted[30]. The result on Ni/O with formic acid (0.86

eV) is inconsistent with the experimentally observed etching[45].

The preferences for modifiers and etchants depend on the substrate. The oxygen modifier

and formic acid are favored significantly by 0.20 eV and 0.45 eV, respectively, on the Ni
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Table 3.2: Gibbs free energy of etching reaction on activated substrates(∆Get,MX, Eqn.

3.2) from the bulk model, for Rxn. 3.5-3.8.

Substrate Modifier Etchant ∆Get,MX[eV]

Ni N HFA 1.06

Ni N HFAmd 1.51

Ni O HFA 0.86

Ni O HFAmd 1.31

Cu N HFA −0.04

Cu N HFAmd −0.11

Cu O HFA −0.06

Cu O HFAmd −0.13

Table 3.3: Difference of Gibbs free energy of etching on pristine and activated substrates,

according to Rxn. 3.3-3.8.

Substrate Modifier ∆Get,M−∆Get,M[eV]

Ni HFA 0.56

Ni HFAmd 0.75

Cu HFA 0.62

Cu HFAmd 0.64

substrate. On Cu systems, differences of 0.02 eV favoring oxygen and 0.07 eV favoring

formamidine are not significant.

Table 3.3 lists the differences in etching energies on the pristine and activated substrates.

This difference can be thought of as the energy window for the choice of etchants. On all

combinations of metals and modifiers investigated, this difference is highly positive, suggest-

ing these modifiers have the potential to allow for ALE. The difference of the Ni/O system

at 0.75 eV is the highest of all the systems considered, consistent with the high selectivity

demonstrated in the working Ni/O/HFA process.
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The etching energies in Table 3.2 give the illusion that copper is more suited to the ALE

processes considered here. It must be emphasized that the energies here is only for the

etching step, with no bearing on the formation of nitrides and oxides. The ease of etching

copper is offset by the difficulty to modify it, particularly with low-energy N2 plasma. The

easier the etching step, the more difficult the activation step.

Energy decomposition gives additional insights. The reactions are decomposed into three

imagined steps. In step a), substrates evaporate into metal atoms and, in the case of activated

substrates, modifier atoms. In step b), metal atoms react with etchants to form complexes

and hydrogen radicals. In step c), radicals combine to form the co-product(NH3/H2O/H2).

The steps must be not be understood as actual mechanisms, but as a construction to separate

the effects of substrate, modifier, and etchant. The decomposed reaction steps are given in

Rxn. 3.11-3.16 for the formamidine etchant. These reaction balances have been written to

sum to the etching reaction of Rxn. 3.3-3.8 which are themselves written for a single atom

being removed from the substrate.

·Ni(bulk) Ni(atom) {3.11a}

Ni(atom) + 2 HFA [Ni(FA)2] + 2 H {3.11b}

2 H H2 {3.11c}

·Cu(bulk) Cu(atom) {3.12a}

Cu(atom) +
1

2
HFA

1

2
[Cu2(FA)2] + H {3.12b}

H
1

2
H2 {3.12c}

·
2

3
Ni3N 2 Ni(atom) +

2

3
N {3.13a}

2 Ni(atom) + 2 HFA [Ni(FA)2] + 2 H + Ni(bulk) {3.13b}
2

3
N + 2 H

2

3
NH3 {3.13c}
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·NiO Ni(atom) + O {3.14a}

Ni(atom) + 2 HFA [Ni(FA)2] + 2 H {3.14b}

O + 2 H H2O {3.14c}

·
1

3
Cu3N Cu(atom) +

1

3
N {3.15a}

Cu(atom) + HFA
1

2
[Cu2(FA)2] + H {3.15b}

1

3
N + H

1

3
NH3 {3.15c}

·
1

2
Cu2O Cu(atom) +

1

2
O {3.16a}

Cu(atom) + HFA
1

2
[Cu2(FA)2] + H {3.16b}

1

2
O + H

1

2
H2O {3.16c}

The results of energy decomposition are shown in Table 3.4. Comparing the modifiers,

on Ni substrate, it is seen that the ∼ 0.2 eV lower preference for O activation is due to

the oxides binding being weaker than the nitride. Less energy is required to breakup the

lattice, resulting in lower etching energy. For the Cu substrate, the oxides bonds are slightly

stronger than the nitride bonds, but is canceled by the stronger stabilizing effect of water

formation compared with ammonia formation(step c).

The fact that HFA etching nickel oxide films is possible suggests the real substrate could

be quite different from the bulk nickel oxide. Depending on substrate conditions, the bulk

model may or may not be suitable to describe a process. The bulk model lacks the flexibility

to account for the variety of surface phases since it can only be limited to the few known

bulk lattices. However, its simplicity makes it useful as a reference and sanity check for the

more sophisticated models.
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Table 3.4: Energy decomposition of bulk model. Step a, b, c correspond to the labels

in Rxn. 3.11-3.16, and refer to bulk crystal decomposing, complex formation, and hydride

formation, respectively. The energy values(in eV) is the Gibbs free energy per mole of

reaction as listed.

Substrate Modifier Etchant ∆Ga[eV] ∆Gb[eV] ∆Gc[eV]

Ni Pristine HFA 4.65 1.63 −4.67

Ni Pristine HFAmd 4.65 2.08 −4.67

Ni N HFA 12.70 −3.02 −8.62

Ni N HFAmd 12.70 −2.57 −8.62

Ni O HFA 9.52 1.63 −10.30

Ni O HFAmd 9.52 2.08 −10.30

Cu Pristine HFA 3.49 −0.57 −2.34

Cu Pristine HFAmd 3.49 −0.65 −2.34

Cu N HFA 4.84 −0.57 −4.31

Cu N HFAmd 4.84 −0.65 −4.31

Cu O HFA 5.66 −0.57 −5.15

Cu O HFAmd 5.66 −0.65 −5.15
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CHAPTER 4

Layer model

4.1 Derivation of etching energy expression

Surface conditions must be considered more explicitly to study the effects of adsorbates and

faceting. To develop the model in a straightforward manner, the same Ni/O/formic acid

system is used as the working example below.

In contrast to the bulk model, the layer model has the ability to describe the cases where

the surface oxide structure is significantly different from the bulk lattice. Although only sur-

face adsorption is considered in this example application, the derivation of the etching energy

is general. The only input required is a series of slab structures with their stoichiometries

and energies.

The etching step in the layer model can be expressed as:

{l + 1 , NiOθ} + HCOOH {l , Ni} + {l + 1 , Ni} + [Ni(HCOO)2] + H2O {4.1}

where {l + 1 , NiOθ} is the unetched, activated surface with l + 1 layers of nickel, θ is the

oxygen coverage(defined as the area density of oxygen atoms, in units of Å
−2

). {l , Ni} and

{l + 1 , Ni} are the pristine nickel surface with l and l + 1 layers, respectively.

Following the bulk model, it is assumed that the essentially the same surface is exposed

after one cycle of ALE. The difference is that here the surface after etching can exist in two

thicknesses to accommodate for variable surface oxygen content. On the surface, etching

starts near the adsorption sites, creating vacancies in the surface. The assumption is that

the surface reconstructs to cover up the vacancies with atoms from other parts of the surface.

The end result is large patches with l+ 1 layers and large basins with l layers, corresponding
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Figure 4.1: Imagined path to evaluate etching energies in the layer model. The modifiers

are borrowed from other copies of the surface, leaving patches of unetched islands and etched

basins. A0 is the surface area, θ is area density of modifiers, so A0θ is the number of modifiers

on the slab. α is the total number of copies required to have enough modifiers to remove

one layer on the original cell.

to l + 1 and l terms on the product side of Rxn. 4.1. If islands are large enough, it is

reasonable to neglect edge free energy and consider the island as the original surface with

l + 1 layers.

The stoichiometries for a full-layer removal is the same as in bulk model, listed in Rxn.

3.3-3.8. If the modifier on the surface is in deficiency, part of the layer would not be etched,

existing as the l+1 term in Rxn. 4.1. The reverse case of deficient metal atoms(in the layers

considered) is analogous: simply replace {l + 1 , Ni} terms with {l − 1 , Ni} in Rxn. 4.1.

In reaction thermodynamics, any path that connects the reactants and products can be

used to evaluate the energetics. Conceptually, the path shown in Figure 4.1 is particularly

helpful. In it, several copies of the unit cell is considered, and modifiers on other unit cells

are borrowed to compensate for the stoichiometry needed to remove one layer. After etching,

the lender surface with l+ 1 layers is unchanged, but the borrower surface now has l layers.

The modeling of surface reactions, where the adsorption sites and reaction pathways must

be considered in great detail, is therefore avoided.

Rxn. 4.1 is balanced in Rxn. 4.2. α = 1/θ is the copies of modified surface needed to

have enough modifiers to remove one layer of nickel atoms. Using Figure 4.1, the free energy

change of the etching reaction is evaluated in Eqn. 4.2.

α {l + 1 , NiOθ} + 2 HCOOH {l , Ni} + (α− 1) {l + 1 , Ni} + [Ni(HCOO)2] + H2O

{4.2}
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∆Get = [(α− 1)Gl+1,Ni +Gl,Ni +G[Ni(HCOO)2] +GH2O]− [αGl+1,NiOθ
+ 2GHCOOH] (4.1)

= α(Gl+1,Ni −Gl+1,NiOθ
)− (Gl+1,Ni −Gl,Ni) + (G[Ni(HCOO)2] +GH2O − 2GHCOOH)

(4.2)

The stoichiometric coefficients in Rxn. 4.2 and factors of Gibbs free energies in Eqn. 4.2

would depend on the substrate/modifier/etchant combination. Note that this stoichiometry

is unrelated to the stoichiometry of the bulk nickel oxide but is determined by the valence

of the nickel atom in the [Ni(HCOO)2] complex.

∆Get = [α(El+1,M − El+1,MXθ
)− (El+1,M − El,M)] · 1

n◦
M

+ (G[MLη] + ξ∗XGXHχ
− ηGLH) (4.3)

Eqn. 4.3 is the more general form of Eqn. 4.2. It accounts for the different stoichiometries

of metal complexes and hydrides. ξX = A0θX/n
◦
M is number of modifiers present on the

surface for each metal atom. ξ∗X is the number of modifiers required to etch one metal

atom. α = ξ∗X/ξX is the copies of the surface required to provide enough modifiers. η is

the coordination number of the complex. χ = η/ξ∗X is the number of hydrogen atoms in the

hydride. n◦
M is the number of atoms per layer in the slab structure(See Table 4.1). In the

subscripts, LH refer to the etchant, XHχ refers to hydrides, and [MLη] is the metal complex.

In Eqn. 4.3, the three terms in brackets can be assigned physical meanings. The first

term is similar to the definition of adsorption energy minus referencing to µX. The second

term is the energy difference of adding one layer to the slab model, and is equivalent to

µM, the bulk formation energy of metal, when the surface energy(see Eqn. 4.6 and 4.10)

is converged with respect to the number of layers. The third terms describes the bond

breaking and formation of the etchant, hydride by-product, and metal complex). For a

given substrate/modifier/etchant combination, the last two terms are constants. Everything

about the surface oxide is expressed through the first term.

The layer model introduces, with the substrate effects, all the complexity required to

describe it. The modeling of large surface structures is computationally more demanding

than the bulk crystal. In addition, the surface can have infinitely many number of phases,
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as opposed to a single bulk crystal phase. The different phases must be integrated to give a

single etching energy that can be used to predict experimental findings. Since the sole input

to the layer model is the structure and energy of the modified layers, the energetics obtained

depends critically on whether the input structures are realistic.

4.2 Substrate definitions and adsorption site identification

Since Ni and Cu both have face-centered cubic(fcc) structures, their surfaces structures are

similar. Seven terminations have been selected for this study, listed in Table 4.1. The choice

is motivated by the need to have both terrace sites((100),(111)) as well as edge(211,221,311)

and kink sites((210)). The choice for the surface supercells is motivated by the need to

have roughly the same surface area on all the terminations. Potentially more stable struc-

tures(with a lower surface formation energy) could be found by sweeping through supercells,

but getting the globally most stable configuration is not the focus. The same supercells are

used for terminations on all four combinations of Cu/Ni substrates and N and O modifiers.

An image for each supercell is provided in Figure 4.2. Table 4.1 also gives the number of

atoms per layer on different terminations. This number is obtained by counting the number

of atoms exposed in the vertical direction. These sets of atoms form the minimum repeating

unit in the vertical direction, constituting “layers”.

Without a priori knowledge on the surface conditions, the surface phases were modeled

as single atoms adsorption structures. For a given coverage(defined as the area density of

adsorbate atoms), many different configurations are possible, with a range of energies. The

bulk of the computational effort went into determining these adsorption configurations. The

author would like to point out that by design, this search approaches the most stable con-

figuration, whereas the ions in the plasma has the potential to access configurations lying at

higher energies(metastable structures). These structures represents the local minima of the

Gibbs free energy in the configurational space. While it is true that given enough time they

eventually undergoes phase change into the most stable configurations, their incorporation

into the modeling is justified if their lifetime is greater than the process time scale. These
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Table 4.1: Supercells used in configuration search. The pictures of the supercells are

provided in Figure 4.2. n◦
M is the number of atoms per layer, equivalent to the smallest

vertical repeating unit.

Termination Supercells Surface area n◦
M

Ni Cu

(100) (3× 4) 74.25 79.26 12

(110) (3× 3) 78.75 84.07 18

(111) (3× 3) 48.23 51.48 9

(210) (2× 2) 55.34 59.08 12

(211) (2× 2) 60.62 64.72 12

(221) (2× 2) 74.24 79.26 16

(311) (3× 2) 61.56 65.72 12

structures are considered briefly in Chapter 5.

To strike a balance between computational time and space sampled, a “site-enumeration”

based configurational search scheme is used. The initial adsorption sites are determined by

surface atom connectivity graphs to ensure uniqueness in their local chemical environment,

while also adapted to surface supercell symmetry. For the atoms exposed in the topmost

layer, each unique atom in the top layer defines one unique top site. Each unique pair of atoms

defines a bridge site, etc. Starting with a bare surface, the adsorbate is added to the sites on

the surface. A (3× 3) bare supercell has one of each site, due to supercell symmetry. After

relaxation, several sites coalesce to one chemically unique site. This happens for instance

when top sites of three neighboring atoms are unstable and relaxes into the same three-

fold hollow site. The initial adsorption energies, calculated by placing a single adsorbate, is

given in Table 4.2 for all four combinations of metal and modifiers. The illustration of site

positions is provided in Figure 4.2. The expression for adsorption energy is shown in Eqn.

4.4. µX is the chemical potential of the adsorbate. The Gibbs free energies of the surfaces
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are approximated by their electronic energies. In the cases shown in Table 4.2, nX = 1.

∆Gads = (GMXθ
−GM − nXµX)/nX ≈ (EMXθ

− EM − nXµX)/nX (4.4)

A naming convention is needed in the discussion of adsorption sites. The naming is based

on the coordination numbers and the position on the surface. When there is no ambiguity

of position, 1,2,3,4-fold coordinated sites are be referred to as top(“t”), bridge(“b”), 3-fold

hollow(“3h”), and 4-fold hollow sites(“4h”), respectively. Two types of 3-fold hollow sites

exist, labeled as “fcc” and “hcp” following the convention in surface science. On higher-index

terminations(e.g. (211)), the facet with larger surface area is termed step(“s”), the other one

termed counter-step(“cs”). There are also the designations of trough(“t”) and peak(“p”),

both self-explanatory. For 3h sites on (211) and (221) the relative positions of high(“h”),

middle(“m”), or low(“l”) of the site relative to the horizontal xy− plane is attached(see the

side views in Figure 4.2). The correspondence of names to labels is given in Table 4.2.

Table 4.2: Adsorption sites, labels, and adsorption energies (in eV) referenced to O2 and

N2 at 80◦C, 350 Torr. A blank cell means the site is not stable in relaxation and coalesced

to other sites.

∆Gads[eV]

Termination Site name Site label Ni/N Ni/O Cu/N Cu/O

(100)

t A1 2.43 −0.43 3.58 0.20

b A2 0.78 −1.63 2.15 −1.01

4h A3 −0.80 −2.34 0.56 −1.85

(110)

t-t B5 0.24 −1.53 1.46 −1.09

t-p B4 2.42 −0.58 3.96 0.43

sb B2 0.81 −1.76 2.37 −0.87

lb B3 −0.05 −1.54 1.52 −1.14

3h B1 0.29 −1.80 −1.21

(111)

t C3 2.58 −0.22 3.98 0.70

3h-hcp C2 0.11 −1.92 1.93 −1.00

3h-fcc C1 0.08 −2.04 1.85 −1.09
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. . . continued

∆Gads [eV]

Termination Site name Site label Ni/N Ni/O Cu/N Cu/O

(210)

t-t D6 2.23 −0.81

t-p D1 2.41 −0.70

b-t D2 0.31 −1.59 1.88 −0.81

b-p D7 −0.48 −2.26 1.14 −1.55

4h D3 −0.06 −1.66 1.42 −1.20

3h-1 D4 0.34 −1.67 1.42 −1.12

3h-2 D5 0.34 −1.67

(211)

t-s E9 2.70

t-p E1 2.46 −0.59

b-p E2 −1.86

b-cs E3 1.16 −1.22 2.35 −0.60

4h E4 −0.24 −1.82 0.98 −1.39

3h-hcp-s-l E6 0.28 −1.68 1.85 −1.07

3h-hcp-s-h E8 −0.04 −2.14 1.48 −1.45

3h-fcc-s-l E5 0.29 −1.62 −1.14

3h-fcc-s-h E7 0.24 −1.92 1.58 −1.30

(221)

t-t F7 0.16 −0.58 1.29

t-p F1 2.45 3.80

lb F6 −0.09 −1.56 1.40 −1.07

b-p F2 −1.82

3h-hcp-s-l F5 0.20 −1.83 1.74 −1.16

3h-hcp-s-h F3 0.13 −1.84 1.67 −1.17

3h-fcc-s-m F4 0.14 −1.91 1.61 −1.34

3h-fcc-s-l F10 −1.58 −0.98

3h-fcc-s-h F8 0.00 −2.18 1.39 −1.60

3h-hcp-cs F9 0.26 −1.85 −1.38

(311)

b-t G2 1.17 −0.59

b-p G1 −1.88 2.23

4h G3 −0.20 −1.80 1.12 −1.36

3h-hcp G4 0.08 −1.99 1.61 −1.33

3h-fcc G5 0.41 −1.61 −1.07
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Figure 4.2: Adsorption sites on (100), (111), (110), (210), (211), (221), and (311) ter-

minations of Ni and Cu. The supercells correspond to the actual slab model used in the

configuration search. The (211) and (221) are shown in side view in addition to top view.

Site labels are explained in Table 4.2
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The comparison across modifiers shows that O gives a lower(more favorable) adsorption

on Ni and Cu. Across the sites, this difference is not a constant. Adsorption energy on Ni/N

“t-t” site on (221) is 0.74 eV higher than Ni/O “t-t” site, but the difference is 1.65 eV for

the “lb” site and 2.03 eV for the “3h-hcp-s-l” site. Accordingly, site preferences of different

adsorbates is not the same. On (100), O and N prefer “4h” site on Ni and Cu. But on (111),

Ni/N prefers “lb” site, Cu/N prefers the “t-t” site, Ni/O and Cu/O prefer “3h” site. On

low-index surfaces, the highly coordinated(“3h” and “4h”) sites are preferred. But on (210)

surface, the low-coordinated “b-p” site is preferred by all modifier/substrate pairs.

It is interesting to compare adsorption energies for the similar sites. The (211), (221),

and (311) terminations are composed of (100) and (111) vicinal terminations joined in steps.

The chemical environment of “3h-fcc” and “3h-hcp” on these surfaces are expected to be

similar to the “3h” sites on the (111) surfaces. Likewise, the “4h” sites are expected to be

similar to the “4h” on the (100) surface. This is hardly the case. Consider the Ni/N system

for example. The adsorption energies of 3h sites range from -0.04 eV to 0.29 eV on (211),

from from 0 eV to 0.26 eV on (221), and from 0.08 eV to 0.41 eV on (221). In each case,

the difference is ∼ 0.3 eV.

Higher coordinated sites typically result in a more favorable adsorption energy because

atomic adsorbates are used. These adsorbates can freely align their orbitals to maximize

overlap with the orbitals substrate. However, this is not always the case. Consider the “4h”

sites on (100), (211), and (311). The “4h” sites on (211) and (311) are on the step, but

close to the counter-step, thus they have a (generalized) coordination number greater than

4h site on (100). Yet the adsorption energy of “4h” site on (100) is -0.80 eV, significantly

more stable than any other sites on all terminations.

The complexity of this behavior suggests that geometric considerations alone(coordination

numbers) cannot be used in the configuration search. In other words, the configuration

formed by first occupying all of the most stable adsorption site is not guaranteed to be the

most stable configuration.
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4.3 Adsorption configuration search

After the sites have been identified, their adsorption energies are ranked in order. The most

stable sites are selected into a pool, and another adsorbate atom is added to the previously

most stable structure on these sites, effectively freezing the adsorption configuration from one

iteration to the next. Care is taken to ensure around 10 unique candidates are present during

each iteration, unless no more sites are available. Since the surface supercell is repeated,

selecting a few candidate sites in the primitive cell already gives enough candidate structures

for the first few iterations. Rotation and reflection symmetry elements of the supercell is

considered such that equivalent configurations are not recalculated. Because initial selection

of sites gradually become saturated as coverages become higher, new sites with a higher (less

favorable) initial adsorption energy are included to compensate.

During the optimization, all adsorbate atoms and metal atoms in the first few layers

in contact with the adsorbates are relaxed. The bottom layers are constrained to simulate

a bulk lattice. Any structures where adsorbate atoms recombine to form N2 and O2 are

removed from the candidate pool by a monitoring program which periodically checks the

atomic positions during relaxation. If not removed, the recombined molecules slowly drift

away from the top of the slab, making convergence very slow. Sometimes the slab undergoes

reconstruction and adsorbate atoms can move far away from their initial positions, making it

difficult to identify the sites, defined for the unreconstructed slab. In such cases, the original

slab is restored before new adsorbates are added. Because the structures are generated au-

tomatically, inevitably some unreasonable structures are generated and escape the detection

algorithm. In these rare cases the VASP geometry optimizer would fail because it cannot

converge the forces. Structures that are indeed impossible are discarded.

For the N activated systems, the search is continued until either all sites become occupied

or any addition to the surface results in a recombination event, whichever occurs first. The

process is the same for O activated systems, but the search is not yet concluded.

The average adsorption energy is already defined in Eqn. 4.4. Choice of µX is inessential

at the moment for only the relative magnitudes is important.

33



As with any global optimization problem, there is no rigorous guarantee that the optimal

configuration at a given coverage can be found this way. To address this concern, exper-

imentally known surface phases are included for comparison whenever such information is

available(Table 4.3), unfortunately on oxide systems only. In these structures, the metal slab

cannot be produced by vertically repeating the top layer, because metal atoms have been

added(or removed, depending on the actual mechanism) from the unreconstructed surface.

The adsorption energy must be redefined to account for the energy cost of this reconstruc-

tion. The adsorption energy for these structures are defined for example system in Eqn.

4.5.

Table 4.3: Experimentally observed surface reconstructions and adsorption superstructures

for the Ni/O and Cu/O systems.

Substrate Termination θO [Å
−2

] Surface cell Ref. ∆Eads[eV]

Ni (100) 0.040 p(2× 2) [4] −2.36

Ni (100) 0.081 c(2× 2) [4] −2.04

Ni (110) 0.057 (2× 1) missing-row [52] −2.15

Ni (110) 0.076 (3× 1) missing-row [52] −2.01

Ni (111) 0.047 p(2× 2) [36] −2.08

Ni (111) 0.062 (
√

3×
√

3)R30◦ [36] −1.81

Cu (100) 0.076 c(2× 2) [12] −1.51

Cu (100) 0.076 (2
√

2×
√

2)R45◦ [12] −1.51

Cu (110) 0.054 (2× 1) pairing-row [12] −1.63

Cu (110) 0.071 c(6× 2) [12] −2.45

Cu (111) 0.087 p4 [46] −2.69

Cu (111) 0.098 p4 + OF [46] −1.06

Cu (111) 0.076 p4 + OCu3 [46] −1.31

In Eqn. 4.5, the term ENi,slab−toplayer refers to the slab formed by vertically repeating

layers. NNi is the “extra” Ni atoms above the slab. The energy cost to bring metal atoms to
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the surface is estimated to be the bulk formation energy of the metal, as in the bulk model.

∆Eads = (ENi/O,slab − ENi,slab−toplayer −NNµN −NNiµNi)/NN (4.5)

Because atoms(radicals) are used in the configuration search, instead of dimers, the search is

similar to the activation step in plasmas. Below, the similarity is exploited to discuss briefly

the activation step. In Figure 4.3 the adsorption energies of oxygen and nitrogen on copper

and nickel surfaces is given as functions of coverage, measured in number of modifier atoms

per Å2.

The general trend in all four combination is that the adsorption energies tend to in-

crease(less favorable) with increasing coverage. The reason is two-fold. First, the most

stable sites are occupied first by our explicit requirement. Sites that are still available at

high coverages are not as stable as the first few adsorbates, hence the increased adsorption

energy. The secondly reason is the repulsive lateral interaction among adsorbates.

There are notable exceptions to the this “rule”. A particularly pronounced case is the

Cu/N system. Initially, average adsorption energies on all facets decrease or stay roughly

constant. The structures at each iteration along the configuration search is given in Figure

C.2. A closer look at the relaxed structures corresponding to the “dip” reveals that these

structures have N atoms embedded into the top layer, some even reaching into the sublayer

interstitial sites. The presence of surface nitrogen weakened the metallic bonds of the surface

Cu atoms. The migration into the sublayer occurs as the adsorbates try to minimize the

lateral repulsion by maximizing the adsorbate-adsorbate distance. Hence, a trend toward

lower adsorption energies is seen initially. Eventually, the lateral repulsion at high coverages

restores the increasing trend. A similar trend, although less pronounced, is seen for Cu/O

near 0.05 Å−2.

The initial decrease in adsorption energies is absent on the Ni surfaces. This is attributed

to the fact that Cu is more malleable than Ni. The bulk modulus of Cu is 140 GPa, while

that for Ni is 180 GPa[17]. Our calculations also indicate Ni bonds more strongly than Cu

in its crystalline form.

The positive values of nitrogen adsorption energies indicate that the adsorbates are not
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Figure 4.3: Adsorption energies of different terminations of the Ni/N, Cu/N, Ni/O, Cu/O

systems as a function of coverage, referenced to N2 and O2 at 80◦C and 350 Torr.
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stable with respect to recombination to N2 on Ni and Cu at the target process conditions of

80◦C and 350 Torr. The practical implication is that if nitrogen is used as the modifier, it

must penetrate the surface deeper than the adsorption structures to create thicker surface

nitrides, as the adsorbates would readily desorb without a large kinetic barrier. The O

adsorption on both substrate is favorable for all sites considered. A different problem exists:

if the adsorption is too favorable, the oxygen/water present during vacuum break may oxide

the pristine parts of the surface, lowering the selectivity.

As expected, copper is much more resistant to modification than nickel. The adsorption

energy on Cu is ∼ 1.5 eV higher than that of Ni for nitrogen. A similar but smaller effect

of ∼ 0.5 eV is present for oxygen. In Chapter 3 it was stated that from the etching ener-

gies(bulk model) alone, copper seem more suited to ALE. Although a positive energy for

nitrogen adsorption does not rule out the process(since the references are diatomic gases),

this advantage is offset by the potential difficulty in obtaining a stable nitride/oxide on the

surface.

The termination of the adsorption can be discussed for N-activated systems. It is seen

that Ni/N system on average saturates later the Cu/N system. On Ni/N, surface is saturated

at an average 0.14 Å
−2

, while that on Cu/N is 0.10 Å
−2

. None of the O-activated is saturated

at the coverages searched, suggesting the potential coverage reachable can be much higher.

There is some consistency among the terminations across the four systems. (100) gives the

most favorable adsorption on all four systems at low coverage. As (100) becomes saturated,

(210) adsorption becomes close to that of (100). The close-packed (111) surface gives highly

unfavorable adsorption(for the case of Ni/N and Cu/O, the most unfavorable).

The adsorption of oxygen on Cu and Ni in the experimentally known configurations are

listed in Table 4.3. A comparison to Figure 4.3 reveals that the non-reconstructed surfaces

have adsorption energies that are either on or slightly above the curve(e.g. Ni(100), Ni(111)

and Cu(100)). The reconstructed surfaces (Ni(110), Cu(110)), are more stable compared to

unreconstructed ones at the same coverage. The epitaxial oxide on Cu(111) are also calcu-

lated. The results indicate that they are much more stable than the adsorption structures
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found by our algorithm. Since reconstructions are outside the search space, such deviations

are expected. Based on these evidence, it is safe to conclude that our search algorithm gives

reasonable configurations.

4.4 Etching energies by termination

The etching energies of each surface phase are shown in Figure 4.4. Note that two energies

are shown, with formamidinate chemistry on the left y-axis and formic acid chemistry on

the right. Since the stoichiometry is the same, the two differ by a constant offset.

For the Ni systems, the etching energies of different terminations are initially centered

around the bulk value, corresponding to θ = 0. For Cu systems, a large initial decline is

observed. This is an artifact of the sudden change in chemical equation, and not to be

understood as an actual discontinuity in the etching energy cost when the surface is sparsely

covered by oxygen. At low coverages, etching is not possible given the large thermodynamic

driving force in the other direction.

The curves for Cu is much more irregular than those for Ni, due to the malleable nature

of the substrate. A particularly striking example is the Cu/N (111) termination, where an

increase of about ∼ 0.2 eV is observed. A similar increase is present for other terminations

of the Cu/N, all at coverages around 0.07Å−2. This behavior is largely missing from the Ni

systems.

The general trend is the reverse of the adsorption energies. This is largely expected since

the first term in etching energy(Eqn. 4.3) is the adsorption energy without the reference

to µX. While adsorption energies increase with coverage, etching energies generally show

the opposite. And just like the adsorption energies, there are exceptions where the n + 1

structure(n being number of adsorbates) is, averaged by the number of adsorbates, more

stable than n. The reason is that either a potentially more stable structure was missed, or,

as explained above for the Cu/N system, because higher coverage is required to access the

more stable structure.
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Figure 4.4: Etching energies of terminations on the Ni/N, Cu/N, Ni/O and Cu/O sys-

tems as functions of coverage. Two axis are shown. The y-axis on the left corresponds to

formamidine chemistry. The y-axis on the right corresponds to formic acid chemistry. The

horizontal bar represents the etching energy on the bare metal.
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If the Langmuir adsorption model is followed exactly, every curve in the Figure 4.3 would

be concave down, and every curve in Figure 4.4 would be concave up. The inflections of the

actual curves indicate the non-ideal deviations.

At the saturation coverage of 0.18Å−2, the Ni/N (111) surface is about to cross into

being favorable for etching with formic acid, yet trend is stopped. It is reasonable to expect

that if coverage is increased by occupying the subsurface interstitial sites, the trend could be

continued and cross into being favorable. A similar fact is noted for Ni/O system, although

here it is less conclusive because the surfaces are not saturated.

4.5 Determination of chemical potential and phase distribution

The etching energies of different terminations for a system cover a large range. At a given

coverage, the difference between the most favorable and least favorable terminations is more

than 0.5 eV for every system. It is difficult to interpret the myriad of etching energies. To

proceed, one must somehow integrate etching energies on different terminations. The most

reliable way is an average using experimental measurements of surface phase distributions,

yet doing so is difficult, and contrary to the purpose of in silico process discovery. In the

absence of such data, equilibrium crystal shapes are used to obtain the phase distribution.

The input to this calculation is the surface free energies.

The traditional approach in characterizing surface conditions centers on the concept of

chemical potential µ. Consider the case of a NiOx surface. The surface formation energy γ

is defined by:

γ = (GNiOx
− µNiNNi − µONO)/(2A0) (4.6)

where A0 is the surface area. The factor of 2 is required because two surfaces are exposed in a

slab model. At thermal equilibrium, the proportion of phases in equilibrium with the plasma

depend on the relative magnitude of the surface energies. Higher µO leads to a preference

for phases with higher oxygen content. The choice of the chemical potential depends on the

physical situation. The surface is typically in equilibrium with a bulk material, in this case
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bulk Ni crystal:

µNi = Gf,Ni = bulk formation energy of nickel (4.7)

If the surface is exposed to an atmosphere of oxygen, then

µO =
1

2
GO2

(T, P ) (4.8)

In the oxygen plasma, due to the presence of various excited states, µO,plasma > µO, but the

quantitative difference is difficult to determine. On the other hand, because the surface-

plasma equilibrium is assumed, the state of the surface can be used to indirectly infer the

condition of the plasma. Experimentally, the area density of the modifier atoms is easy to

measure. At the coverage observed experimentally(the coverage that self-limiting adsorption

stops at), no terminations should have a positive adsorption energy, leading to the indirect

definition of chemical potential at saturation(Eqn. 4.9).

µsat
O = min

facet

ENi/O − ENi

AθsatO

(4.9)

where Ni/O refers to oxygen activated nickel surface. In other words, it is the minimum

chemical potential required to reach the observed coverage. At this coverage, one surface

phase(the one with minimum adsorption energy) is at equilibrium. The rest are past their

saturation points. In reality, these other surfaces would not stay saturated at a lower cov-

erage. Some form of reconstruction is likely to reflect the favorable chemical potential to

increase the O content, but this is not explored here. The chemical potential calculated with

Eqn. 4.9 is shown in Figure 4.5.

A correction must be made to Eqn. 4.6, the reason being that in asymmetric slabs only

one side has adsorbates. The other side, also exposed to vacuum in the periodic simulation

box, is essentially a pristine metal surface. The result of accounting for symmetry is shown

in Eqn. 4.10. All the terms appearing in it have been determined. The resulting surface

energies are shown in Figure 4.6.

γNi/O = (GNiOx
− µNiNNi − µONO)/A0 − γNi (4.10)
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Figure 4.5: Relation of the chemical potential to the surface coverage(area density of

modifier atoms), obtained from Eqn. 4.9.

On Ni/N, initially (111) is the most stable surface. At 0.025 Å
−2

, (111) is overtaken by

(100), which is saturated at ∼ 0.125Å
−2

. At still higher coverages, (110), (210), and (211)

compete for phase distribution. Ni/O system is dominated by (111) surface throughout the

interval studied. The surface energy of (100) is immediately above it, followed by other

higher index surfaces. Note that the vertical scale is different for each figure. Ni/N and

Cu/O are very similar in that in both cases, (100) dominates most of the coverages. In

Cu/O, (100) competes with (210) but in Cu/N, 210 surfaces is saturated very early, at a

coverage of ∼ 0.06Å
−2

. In Cu/O, the high-index surfaces including (311), (221), and (210)

are close to (100), but in Cu/N, (100) dominates the phase distribution by far.

It is important to keep in mind that the surface energies in these plots are evaluated at

a varying chemical potential, so comparison in the horizontal direction is meaningless.
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Figure 4.6: Surface energies of terminations on the Ni/N, Cu/N, Ni/O and Cu/O systems

as functions of coverage.
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4.6 Average etching energies

The etching energies on individual terminations are combined by distributions obtained in an

equilibrium crystal shape analysis(Wulff constructions). Admittedly, Wulff construction is

not consistent with our process because the constraint on the surface is fixed cross sectional

area, different from the fixed total volume constraint in ECS calculations. It is selected

nevertheless due to absence of a equilibrium surface faceting construction in the literature.

In the Wulff construction, some terminations that have low surface energies are not

present in large proportions, due to geometric constraints. Wulffpack package is used in

obtaining the phase distribution[43] as a function of the coverage θ. Interpolation is done

on γ since the coverages for which a calculation is available is discrete and do not line up.

Surfaces already saturated at a given coverage is not considered: no extrapolation is taken.

The average etching energies ∆Ḡet, the final result of the layer model, are given in Figure

4.7. Four axis are shown. The axes on the left corresponds to the copper systems. Those

on the left correspond to nickel systems. The chemistries corresponding to formic acid and

formamidine are marked as HFA and HFAmd, respectively.

While it is true that surface oxides/nitrides, if thick enough, should reproduce bulk

energetics(the assumption in bulk model), one must realize that the layer model is not

meant to reduce to the bulk model, because the coverage for the most part is too low.

At the terminal points on the right of each curve in Figure 4.7, the average etching

energies can be compared with the results from the bulk model. Readers are reminded that

the oxygen configuration search is not complete, hence the terminal points in Figure 4.7

corresponding to O-activated systems do not represent the saturated surface structures.

All of the qualitative results of the bulk model on oxides and nitrides are reproduced.

Etching Ni is shown to be unfavorable throughout the range of coverages, while etching Cu

crosses from being unfavorable in the pristine system to become favorable for both systems.

The bulk model predicts a −0.11 eV favorable etch for Cu/N/FAmd combination, while the

terminal value in Figure 4.7 is −0.32 eV. The bulk model predicts Ni/N/FAmd combination

to have 1.52 eV unfavorable etch, while the terminal value here is 1.11 eV. In both cases, the
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Figure 4.7: Wulff construction-averaged etching energies as functions of coverage.

etching of surface adsorption structures, as calculated by the layer model, is more favorable

than the bulk model. The quantitative difference seem to depend the system.

The etching energies of Cu/O and Cu/N nearly parallel each other. The N-activated

surface stays ∼ 0.3 eV lower than the O-activated surface. Initially, both systems have a large

decrease in etching energy. The rapid large decrease is followed by a slow increase, lasting

about ∼ 0.05Å
−2

in range. Both systems then reach a peak etching energy, unfavorable

to both etchants, before a rapid decrease is observed. The peak position is different. For

Cu/N, the peak is observed at ∼ 0.06Å
−2

, whereas it is seen at ∼ 0.07Å
−2

for Cu/O. The

etching energy on Cu/N system crosses over to become favorable for HFAmd at ∼ 0.07Å
−2

,

the Cu/O system crosses at ∼ 0.11Å
−2

. The results for HFA are obtained by a shift and not

repeated.

The Ni/N and Ni/O curves do not lie in parallel, although the two follows the same

trend. A initial plateau is observed in both systems, followed by a slow decrease. At around

the middle of each curve, the drop in etching energy becomes more rapid. Notably, the

two curves can be seen as parallel curves shifted horizontally. There is an interesting fact
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about the two curves: if the Ni/N curve is shifted to the left by ∼ 0.04Å
−2

, then they become

nearly parallel, as in the Cu systems. The Ni/N system at low coverage is less favorable than

the Ni/O system, but a crossover at 0.07 Å
−2

with the Ni/N curve suggests that at higher

coverages O is a better modifier, although it is inconclusive. Toward the end of Ni/N curve

the etching energy increases again. This somewhat surprising result is explained by referring

back to Figure 4.4 and 4.6. The termination responsible for the initial fast decrease is (111),

but as its surface energy is raised, its proportion in the phase distribution is diminished with

respect to the (211) and (110) terminations.

Although the configuration search on the Ni/O system is not yet finished, at the coverages

searched, the etching energy is around 0.5 eV above the threshold to become favorable with

formic acid. This etching energy, due to keep decreasing, is lower than that of the bulk

model, but still unfavorable. Although further decrease is expected based on its similarity

to the Ni/N curve, it is unlikely that the qualitative result would be changed. Hence, the

surface adsorption structure also failed to reproduce the experimental results of Ni/O formic

acid etching.

It is readily seen from the results of layer model that “atomic layer etching” cannot be

strictly atomic layer, at least not for some substrates. To achieve the precise atomic layer

removal, the activation have to be limited to the top layer. But for some substrates it might

be difficult to find modifiers and etchants that gives a favorable etching energy at these

coverages.

The layer model gives results that partially contradict experiments, but this is cannot

be said to be a failure of the layer model itself. The structures in our configuration search

is by design the most stable configuration at a given coverage and the Wulff construction

average is a minimization of the total surface free energy. Hence, the estimates here is best

considered as a conservative estimate, an upper bound of the actual etching energy.
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CHAPTER 5

Ni/O/HFA process and metastable structures

Plasma ALE on the Ni/O/HFA system has been demonstrated. A sample of Ni thin films of

30 ∼ 40 nm in thickness were cleaned by Ar+ sputtering, and then subjected to O2 plasma.

The presence of oxides was confirmed by X-Ray Photoelectron Spectroscopy. Film thickness

change was measured by Scanning Electron Microscope(SEM) and Transmission Electron

Microscope(TEM) to be ∼ 6 nm after 2 minutes of exposure, significantly faster than the

rate of native oxide formation. During the etching step, the sample is held at 80◦C when

formic acid is introduced to the chamber at pressures between 150 Torr and 550 Torr, with

N2 as the carrier gas. Exposure lasts 60 minutes with a 5-minute vacuum break between the

activation and etching steps. Highly selective etching of NiO is reported. The selectivity of

NiO to Ni is ∼ 100, while that of NiO to hard mask(SiO2) is essentially infinite. Etch rate at

pressure of 350 Torr is calculated to be 0.1 nm/min. The oxidation is not self-limiting, since

it produces 6 nm of oxide films, while the selectivity of NiO over Ni indicates the etching

step is self-limiting.

In Chapter 4, the layer model was developed and applied to the case of activation by

surface adsorption. In real plasma, on the other hand, the energetic ions are able to reach

subsurface sites more easily than in thermal adsorption. It is therefore likely that metastable

structures with lattice signficantly disrupted are present. To be clear, metastability refers

to the local minima of the Gibbs free energy in the configurational space. Even though

eventually these structures would be decomposed into the more stable global minimum, this

process may be slow compared to the scale in ALE process. At the same coverage, these

structures might be responsible for the favorable etching observed in the experiment.

Because the experiment uses the O/Ni/HFA combination, only the Ni/O system is con-
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sidered when generating structures. Three nickel surfaces ((100), (111), and (211)) were

selected since to represent the facet and edge sites present on polycrystalline surfaces. Given

the small size of our slab model, the dynamics of lattice disruption in plasma processing

cannot be simulated in DFT within reasonable computer time. The effect of such disruption

is mimicked by placing the oxygen adsorbates into the subsurface interstitial sites, creating

“sublayer structures”. In a real oxidation process, some overlayer sites are likely to be pop-

ulated first due to the kinetic barriers of accessing the sublayer sites. Therefore, structures

with mixed occupation of overlayer and sublayer sites(“mixed structures”) are also included.

The overlayer sites are taken from the most stable site in Table 4.2. The subsurface

sites are searched in a similar way, but many of the atoms placed into the sublayer are not

stable by themselves, because the coverage is too low. After relaxation, these modifier atoms

re-emerge to the surface and become identical to the modifiers in the overlayer sites. Only

those sites stable under the relaxation are selected, their adsorption energies are shown in

Table 5.1. For this reason, the low-coverage limit was not extended to the sublayer structure.

On (100) and (111), only the octahedral interstitial sites are present after relaxation.

This is attributed to the fact that the Ni-O distance in the unrelaxed tetrahedral sites are

too small. At 1.52Å, this is significantly less the sum of their Van der Waals radii(3.15Å).

This close approach creates large forces, repelling the adsorbate atom back onto the surface.

On (211), both tetrahedral and octahedral sites are present after the relaxation, but the

octahedral site gives a lower adsorption energy. The adsorption energies are calculated with

Eqn. 4.4, same as the overlayer structures.

Figure 5.1 shows the overlayer, mixed, and sublayer structures for the three terminations.

Two limits of modifier density(coverage) were considered. The 1ML coverage corresponds

to the saturated final state of the plasma oxidation process. These structures have the same

stoichiometry(in the top layer) as the bulk NiO oxide. The low coverage case is taken directly

from 4, corresponds to the case of placing a single modifier on a large substrate. The low-

coverage case is not considered for the sublayer. The number of atoms in the layer is defined

the same way as in Table 4.1, except here the supercells are smaller(see Figure 5.1).
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Table 5.1: Adsorption energies of sublayer sites. The sites are generated by a displacement

from the surface overlayer sites(parent site) in the direction perpendicular to the surface or

step(on (211) only). ∆Gads is calculated with Eqn. 4.4

Surface Site Parent site ∆Gads Comments

(100) octa t +1.06

(111) octa 3h-fcc +0.40 half-embedded

(211) octa 3h-fcc-s-1 +0.64

Figure 5.1: The relaxed structures of (100), (111), (211) surfaces with overlayer, mixed,

and sublayer adsorption. (111) and (100) surfaces are shown in side view, (211) surface is

shown in perspective. The green and red spheres represent Ni and O atoms, respectively.
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The sites on the stepped (211) surface is difficult to see in Figure 5.1. While the overlayer

and mixed structures initially had different site occupation, after relaxation they became

very similar. Two types of oxygen atoms are present, namely 4-coordinated (4c) and 3-

coordinated (3c). The overlayer structure has one 4c O atom and two 3c O atoms. The

mixed structure shows two 4c O atoms (one in a square planar 4-fold hollow site, one in

tetrahedral interstice site) and one 3c atom (in a triangular “(111) type” terrace site). The

sublayer structure has only 3c O atoms.

The etching reaction energy is calculated with Eqn. 4.2. Figure 5.2 shows the etching

energy of the activated surfaces. Only surfaces modified by a high coverage of oxygen, with

occupation of subsurface sites and the formation of a surface NiO layer, result in a favorable

etching reaction with formic acid, in agreement with experiments. Overlayer structures give

consistently unfavorable etch, also noted in Chapter 4.

The site dependence trend is quite complex. For (111), increasing access to sublayer sites

increasingly destabilizes the surface in a monotonic fashion, while (100) and (211) surfaces

are not significantly destabilized by occupying a fraction of the sublayer sites in a mixed

adsorption structure. (100) and (211) results indicate that occupying the sublayer sites

using low energy oxygen ions can make the etching reaction favorable. A closer look at

Fig. 5.1 reveals that etch becomes more favorable when Ni atoms in the top layer have a

longer bonding distance with the layers underneath due to occupation by oxygen atoms in

the sublayer. In particular, all the sublayer structures show a large vertical relaxation of the

top layer, moving away from the bulk, while the mixed and overlayer structures still have

one or more Ni atoms at short distances from the underlying metal. The geometry distortion

caused by the oxygen modifier provides a favorable driving force. However, a more detailed

search of the configuration space is required to validate this. Note that overall (211) has a

higher(less favorable) etching energy compared with (100) and (111). This is attributed to

the fact that while the(211) surface itself has a higher surface energy, occupying the under-

coordinated sites on the edge initially stabilized the surface, to a higher extent than that of

(100) and (111), where the terrace atoms have a higher coordination number. These results

suggest that site specificity can play a role in atomic layer etching of surface species.
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Figure 5.2: Etching energies of Ni/O system at overlayer, mixed, and sublayer structures.

A few differences exists between the experiments and the modeling. Although no direct

structural characterization is available on the thin oxide films, at ∼ 6 nm it is clearly not

a surface adsorption process. The bulk model predicts an unfavorable etch, suggesting that

the substrate formed by plasma oxidation does not have the structure of the bulk oxide. The

layer model on the Ni/O system shows decreasing etching energy with respect to coverage,

but at the coverages searched, it is still 0.5 eV away from being favorable. Here it is shown

that metastable structures created by occupying the sublayer sites is able to result in an

favorable etch.

When compared with the results in Chapter 4, it is seen that the success of the layer

model depends critically on the knowledge of substrate conditions. A greater sampling of

the structures resulting from lattice disruptions in a plasma activation process is required to

expand the preliminary results obtained here.
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CHAPTER 6

Summary and Conclusion

Atomic layer etching(ALE) is the technique poised to transform existing semiconductor

manufacturing processes. At the ideal level, it uses time-separated steps of self-limiting

surface reactions to achieve high selectivity, specificity, and anisotropy, at the same time

opening up the process to many new, traditionally hard-to-etch materials. Existing research

on ALE, although rapidly expanding in recent years, is still limited. The large chemical

space of ALE, involving the antecedent choices of substrate, modifier, etchant, and process

parameters, is impossible to exhaust by an trial-and-error approach. Research would rip a

great benefit if a method is developed to allow for the fast screening of material systems. The

first step towards this eventual goal, a computational model to evaluate the total etching

thermodynamics, is not present in the literature.

Two models have been developed to address this problem. The applicability of the

model on the O/N-modified Cu/Ni, with formic acid and formamidine etchants, is tested.

In proposed processes, the etchant reacts with the modifier activated surface, creating metal

complexes and a by-product hydride. To make reactions self-limiting, etchants must be

nonreactive(unfavorable ∆Get) on the pristine metal. The structures of the metal complex

are proposed based on evidence found in the literature. Wherever evidence of a particular

structure is missing or inconclusive, all candidates are examined and the most stable gas-

phase molecule is accepted. The bulk lattice of the oxides/nitrides used in the study is

selected based on the experimental evidence of their presence in thin films after plasma

oxidation/nitridation of the metallic films. If such reports are lacking, the successful synthesis

in thin films is taken.

Regarding the bulk model, all four combinations of metal and modifiers are resistant
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to etch by both etchants. Under all modifiers/etchant combinations, etching is unfavorable

on Ni and favorable on Cu. Comparing the etchants, formic acid is favored by 0.45 eV on

Ni but disfavored by 0.07 eV on Cu. The choice of etchants appear to have no significant

effect on Cu, but on Ni, the oxygen modifier gives etching energy more favorable by 0.20

eV. The difference in etching cost on the activated and pristine substrates is interesting as it

can be used to characterize etching selectivity. This difference is highly positive on all four

metal-modifier combinations, suggesting that these modifiers can used for ALE with suitable

etchants.

The incorporation of substrate effects require the use of the layer model. In this model

the new input is the surface slabs calculations. The etching energy is easily calculated by

proposing an imagined where enough modifiers are brought to the unit area of the surface to

allow for the stoichiometric removal of one atomic layer in the unit cell. Thermodynamically

it is equivalent to assuming surface metal atoms have infinite lateral mobility on the etched

surface. Surface adsorption sites are identified by symmetry, and the adsorbates are added

to the surface one-by-one, keeping the configuration of the previous step. The adsorption

energies of the resulting configurations are compared to experimentally known configurations.

Excellent agreement is found. Etching energy on different terminations are averaged via

surface phase distributions calculated from a equilibrium crystal shape.

The results of the layer model are eight etching energies as a function of coverage, one each

for a modifier/substrate/etchant combination. The coverage, defined as the area density of

the modifier, is used as a single descriptor for obtaining etching energies once the chemistry

is selected.

Applied to surface adsorption structures, the layer model gives results that are qualita-

tively the same as the bulk model. At the highest coverage studied(the “terminal coverage),

the Ni systems are unfavorable to etching, and Cu systems are favorable. The effect of

etchant is independent of model and is already discussed above. The effect of modifiers from

the layer model is different and richer than the bulk model. A large preference (∼ 0.3 eV

for the nitrogen modifier is observed on Cu system at all coverages studied, much greater

than the bulk model prediction. On the Ni systems, at low coverages, the nitrogen modifier
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is preferred by 0.3 eV, but the effect is reversed and at above ∼ 0.07Å
−2

, the oxide becomes

the preferred activation layer.

The layer model clearly indicates that increasing coverage results in a more favorable

etch. However, the number of sites on the surface is limited. The trend toward more favor-

able etching can be continued the coverage is increased. In the plasma activation process,

significant surface lattice disruption due to the kinetic energy of the impinging ions is present.

This effect is mimicked by creating structures with occupation of the subsurface interstitial

sites. Several such structures were created for the Ni/O system, the resulting structure, once

relaxed, shows favorable etching energies according to the layer model. Close examination of

the structures reveals that those with a favorable etching energy is characterized by a large

separation between the topmost metal layer and the bulk metal lattice, due to the steric

repulsion of the modifier atoms.

Our modeling efforts can help ALE process development in the following ways. First,

the effect of etchants can be separated from the rest of the process, if a careful study of the

reactant and products are performed, as is done here. In particular, no experimental input

is necessary for this aspect, which is a great advantage since more often than not the etching

product is not well characterized. Second, the layer model clearly illustrates the importance

of coverage. The results here suggest that the precise removal of one layer might be difficult

in some metals because limiting the modifiers to the top layer results in low coverage.

The next step in the modeling of ALE thermodynamics is a consideration of plasma

processing conditions. A correlation of plasma parameters to the surface structure will not

only improve the structures fed into the layer model, but also potentially eliminate the

approximations introduced by the Wulff construction average.
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Appendix A

Computational details

The configurations search on Ni/N, Ni/O, Cu/N, Cu/O systems are done in two setups. At

each step in the search iterations, the candidates for the next iteration are relaxed with a

crude but fast computational setup. Because it is observed that the relative ordering of the

candidates is not sensitive to plane wave cutoff, the most stable configuration can be found

this way. Once the configuration is obtained, a second round of relaxation is launched to

obtain accurate energies. Because geometry is already close to the final position, few ionic

steps are required at the accurate setting, significantly reducing the computational cost. The

crude search uses a Γ-centered (3× 3× 1) reciprocal space sampling with 300 eV plane wave

cutoff. The accurate setup for energies evaluation uses a (5 × 5 × 1)Γ-centered grid. Plane

wave cutoff is 400 eV. All other parameters are identitical: energies are converged to 10−6

eV. Forces are converged to 0.02eV/Å. Second-order Methfessel-Paxton smearing is used to

calculate partial occupancies, with smearing width equal to 0.2 eV. Dipole corrections are

included in the simulations to offset the error introduced with asymmetric slabs. Gaussian

smearing is used for isolated molecules, with smearing width of 0.01 eV.

Some molecular structures are optimized with the Gaussian 16 package. The basis set is

chosen to be TZV on the metal atoms, and 6-31G(d,p) on the rest. B3LYP functional was

used with “Tight” settings on geometry optimization and the self-consistent electronic struc-

ture calculations(Opt=Tight, SCF=Tight). The integrals are evaluated on an “Ultrafine”

grid.
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Appendix B

Structural parameters of the metal complexes

The bond lengths and bond angles of the complexes is shown in Table B.1, as optimized by

VASP.

[Ni(FA)2] [Ni(FAmd)2] [Cu2(FA)2] [Cu2(FAmd)2]

M-N/O 1.911 1.909 1.874 1.862

N/O-C 1.281 1.324 1.275 1.328

M-M 2.477 2.587

N-C-N 116.054 108.489 128.309 123.848

N-M-N 110.698 111.818 174.407 172.498

N-M-N chelating 69.310 68.649

Table B.1: Structural parameters of the organometallic complexes
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Appendix C

Configuration search iterations

The relaxed structures at each step in the configuration search is are below.
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Figure C.1: Configuration search iterations for Ni/N system
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Figure C.2: Configuration search iterations for Cu/N system
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Figure C.3: Configuration search iterations for Ni/O system
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Figure C.4: Configuration search iterations for Cu/O system
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