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ABSTRACT

Alumina has recently garnered quite a bit of attention for use as a tunnel barrier in Josephson
tunnel junctions. The quality of the metal oxide layer in the Josephson tunnel junction is a key
factor in its effectiveness. To optimize the deposition method of alumina, we need a deep
understanding of the large-scale surface interactions that cannot be reached using ab initio
molecular dynamics. In this study, I have compared two existing reactive force field (ReaxFF)
parameters to determine their abilities to model the atomic layer deposition (ALD) of alumina on
an aluminum surface. ReaxFF molecular dynamics was chosen because it is capable of modeling
larger systems for longer time periods than the ab initio molecular dynamics. I have reviewed the
capabilities of the parameters to model stable precursors and reactions paths for the surface
reactions of the ALD process utilizing LAMMPS and Amsterdam Modeling Suites (AMS)
software. A comparison of the relaxed positions of the precursors and optimized energies of the
reaction steps are used to determine the deficiencies of current parameters, allowing for a more
focused reparameterization in future studies.

KEYWORDS: reactive force field, molecular dynamics, alumina, atomic layer deposition,
modeling
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INTRODUCTION

Motivation

Josephson junctions are often used in microelectronics including superconducting qubits
!, which are topics of high interest in the advancement of quantum computing. Josephson tunnel
junctions are formed from a superconducting metal-insulator-superconducting metal interface. A
prevailing issue in the development of tunnel junctions for quantum usage is the existence of
two-level systems (TLS) at the interface of the amorphous insulator (typically a metal oxide) and
the metal 2. The presence of these decoherent TLS in large numbers causes low and high-
frequency noise in electronic systems that, due to the incredibly sensitive nature of
superconducting qubits, makes it difficult to build an efficient quantum device.’. Many theories
as to the source of these TLS in amorphous metal oxides exist and many of them have one
commonality, defects at the metal oxide metal interface allow for stronger coupling and lead to
varying potential barrier heights.

Al-AlOx-Al interfaces are commonly used as Josephson junctions due to the large band
gap of alumina. *7 Thus a method of depositing alumina (Al>Os) that is defect free is required to
make high-efficiency quantum devices. Computational studies into the deposition of alumina

using DFT and molecular dynamics (MD) have been done +% 3 &

, but no comprehensive study of
the existing reactive force fields for the application of atomic layer deposition (ALD) on

aluminum has been done. In this study I attempt this review as a way of determining how well

the existing force fields can describe the ALD process, and where they need to be improved.



The Atomic Layer Deposition Process

Atomic layer deposition (ALD) is a type of chemical vapor deposition (CVD) in which
two or more vapor phase precursors are systematically pulsed onto the target substrate. The key
element of ALD is that the surface interactions in each precursor pulse are self-limiting. 2 1% This
means that the vapor bonds to open sites on the surface until saturation is reached, after which no
interactions will take place regardless of the number of vapor molecules left available. The self-
limiting nature of the deposition means that after the adsorption limit in a region of the substrate
has been reached, subsequent reactions must occur in another region leading to a uniform and
defect free deposition.

ALD of alumina utilizing the precursors tri-methyl-aluminum (TMA) and vapor phase
H,O has been an industry standard since the 1990’s and has continued to be used since. 2 11-13
The entire deposition process can be described as 2A1(CH3)3 + 3H,0 - Al,05 + 3CH,

can be broken into 4 partial reaction pathways that represent the surface interactions during the

TMA and H>O pulse phases.

1) |-OH + AIM;3 (g) — |-O-AIMa + CHa(g)
2) |-O-AIM; + H20(g) — |-O-AIM-OH +CHa(g)
3) |-O-AIM-OH + H,0(g) — |-0-Al(OH), + CHa(g)

4) |-0-AI(OH), + AlMs(g) — |-O-Al(OH)-O-AIM; + CHa(g)

Where | denotes the aluminum surface and M denotes the methyl (CH3) units. The first equation
represents the TMA pulse interacting with the hydroxylated surface through the mechanism of

ligand exchanges between TMA and the hydrogen of the surface hydroxyl units. The methyl



units then form methane (CH4) and dissociate from the surface. The TMA pulse is self-
terminating due to the steric nature of the methyl groups and will deposit until there are no more
open areas to contain the methyl groups. Reactions 2 and 3 are gas phase water interacting with
methyl aluminum surface. They form ligand exchanges with all the remaining methyl groups on
the surface forming methane gas, then they dissociate onto the oxygen bridges, forming a bilayer
of alumina and aluminum hydroxide % 2. Experimental studies have shown the optimal
temperature of the deposition to be between 150-200°C ® and the optimal oxygen pressure under

25Pa.’

Reactive Force Fields

Overview. Reactive force fields (ReaxFF) use classical approximations of quantum
mechanical calculations. Like most force fields the total energy of the system is calculated using
partial energies as seen in the equation

Etotal = Ebond + Elp + Eover + Eunder + Eval + Epen + Ecoa + E:triple + Etors + Econj +

16
EH—bond + EvdWaals + ECoulomb .

In a reactive system the bonding of respective atoms is varied based on how coordinated the
atom is. Fully coordinated atoms will have interactions that decay quickly, known as short-range
interactions, while undercoordinated atoms will have a much longer range of interactions due to
their delocalized valence electrons. !” The modeling of these more abstract concepts requires the
use of a bond order term that can be used to calculate not only the bond energies due to 2, 3, and
4 body interactions, but energy penalties due to lone pair interactions, over coordination, and
under coordination as well. I will not go into detail about all of these components, but I find it is

important to describe some of the more prevalent aspects of the force field.



Bond Order. The bond orders are assumed to be obtained directly from the distance

between atoms (tjj) as seen in the equation

T[T[

TC
Tij. Pbo,2 rl Pbo,4 1 _\Pbo,6
BO; = ePro1 (i) %% g gPoal) POt g gPro Sy o) " Here we see that the bond order is

dependent on three exponential terms. The sigma bond BO;i® (pvo,1, Pbo,2), the pi bond BOji™ (pro,3,
Pbo.4), and the double pi bond BO;i™ (pvo,s, pvo,s). The bond order is corrected for any over
coordination and any 1-3 valence bond orders using the following equations

BO§

ij,corr

= BO{ - f, (A}, &) - f4(4, BOy;) - f5 (A}, BOyy)
BOECOFF_BO“ fl(Al' J) fl(Al' 1) f4(A1,BOU) f5(AJ‘B01])
BOforr = BOJ™ - f1 (A4, A7) - f1 (A, 47) - f4(4, BOy) - f5(4], BOy)

BOij,corr - BO?]- corr + BOI][ corr + BOI]HZorr

Val; + f,(A, 4)) Val; + f,(A], &)
_|_
Val + £, (A}, A)) + £5(Af, A7) Val; + (4], A7) + £5(4, ])

1
fl((Av ]) = E(

!

f, (4], 4)) = eMAl 4 7MY

(4], 4)) = - mo—whl+e“0

fy(A{, BO;) = -
+(4],BOy) = 1 + e~*s'(A4'BO;;BO;;—A])+As
) 1
fs(4],BO;;) = T+ oo w80y B8 1s
nbonds
A;: Z BOI] _Vali
=1

Val; is the valency of the atom, A; is the over coordination of the atom and is defined as the

difference between the bond order and the valency, and Ax. are trained parameters.



Bond Energy. The corrected bond order, denoted BOj; from now, are then used to

calculate the bond energy Epong = —Dg - BOS; - ele(1-(BO)

— Dg - BOjj — Dg™ - BOjj™. Where
D. is the dissociation energy.

Lone Pair Electrons, Over-coordination, and Under-coordination. The energy
penalty due to repulsion from lone pair electrons in the bonding is calculated based on the
difference between the optimal number of lone pairs in an atom, nipopt and the number of lone

pairs calculated, nip i, from the difference between the number of outer shell electrons Val;® and

the bond order.

neighbors

j=1

e
i Aie —)\8-(2+Aie—2-int<A71>)2
Ny, = int > +e

Ip_
Aj"= Nyp opt — Nipji
Ip
E _ Ag * Ai
Ip — 1p
1+ e 7%

The definition of over coordination gives that the energy penalty must be inversely proportional

to the number of lone pairs present. A correction to the over coordination previously defined as

Ipcorr

Aj can be made, A, , using the deviation from the optimal lone pairs.

Ip
Alpcorr_ Al — Ai
i - =i neighbors(i)

14+ A0 e}‘“'(zi=1

1
@]-4P)-(BOT-BOT™))

X2y, - DE - BOj;

E Ipcorr
ocoor — i

1
Ipcorr i Alpcorr
Ai + Val; 1 + eMi3dy



Energy contribution from the under coordinated atoms is calculated based on the & electron in
the atomic centers and is only calculated if the bonds between atom i and j have some & bond

characteristics.

Ipcorr

1 — ehsdy 1

) _ 1 ) neighbors(i) Ip
1t et - APOT a 0)-a) (a0 -80f)

Eucoor = —A1a

Valence (Three-body) Angles. Valence angles are the three-body angles between atoms
1, j, and k. To calculate the energy, Eva, of these three-body angles, Oijx, we must first determine
the equilibrium angle ©o, which depends on the sum of n-bond orders (SBO) around the center,
considering the over and under coordination of the central atom and the lone electron pairs,
changing the geometry of the center atom, and its neighbors. The valency of the atom used in the
three-body and torsion angle calculations is denoted Val**¢. An energy penalty, Epen, is imposed
for systems with two double bonds sharing a central atom and for additional stability of complex

systems, a three-body conjugation energy, Ecoa, is also applied to the valence angles.
2
Evat = f6(BOy) * fo(BOR) * (A7) + (Ayp — yge1o(PoEO-0u"y

A
fs(BOy) =1 - e A20 B0y

24"
f7(A]{) =Azz — (A2 — 1) N APTE A28
1+e™75 +e ™7
neighbors(j)
ang__ ang
Aj = Z BOjn —Valj

n=1

neighbors(j)
neighbors(j) . - —BO8 ang
SBO = z 1 (BO, +BOT) + (1 — 1_[ (e 79m)) - (=47 = Azs ~ mp )
n=

n=1



0 SBO <0

SBO., = ] SBO™ 0<SBO<1
7 ]2-(2-SB0)s 1<SBO <2
2 SBO > 2

00(BO) =m— 90,0 -(1- e‘7‘27'(2—5302))

2 2
Epen = Apg fg(A]() . e_)lzg'(BOij_z) : e_)‘zg'(BOik_z)

2 + e a0
fS(A],) = _}\ _Al }\ 'A’
14+e ™00 4 ™17
1 neighbors(i) 2 . neighbors(i) 2
Eeos = Asy o~ Paa(~BOy+IRL BOm) . o~Aas(~BOj+EnS BOkn)

T ehss oAVl
. e—7\35'(BOij_1-5)2 . e—lss'(BOjk—1-5)2
Torsion (Four-body) Angles. Much like the bond energies and valence angle terms, the

torsion rotation energies, Erwors, are dependent on the BO. The effect of the four-body conjugation

on the torsion angles, wijki, achieves a maximum value if multiple bonds have bond orders of 1.5.
_ . 1 1
Etors = fo(BOjj, BOji, BOyy) * sin (Bj)) - sin (Bjiq) - (§V1 - (1 + cos(wij)) + EVZ

2
. m™_ "'A! 1
) e7\36 (BOlk 1+f1o(A1,Ak)> ) (1 _ Cos(zwijkl) +§V3 . (1 + COS(3(Uijkl))

fo(BOjj, BOji, BO) = (1 — e™%57B%) - (1 — e77B0jk) (1 — e~2e7B0)

2 4 P

or G o (A

flO(A]{' A{() =
1+e

Econj = f11(BO3j, BOjx, BOk) = A40 - (1 + (cos?(wijia) — 1) - sin(Byjx) - sin(Bjxy )

f,1(BOy, BO, BO) = oM (BO=3 | “Aar:(BOK—3)? . g ~Aar-(BOK—3)’



Hydrogen Bonds. The energy for the hydrogen bond X-H—Z, Enpond, uses the bond
order, the valency angle of the central hydrogen atom, Oxuz, and the radial distance between the
atoms.

0
r r
hb , 'HZ

) )\4—4—'< 0 ) GXHZ
Etbond = Aaz - (1 — eM3BOi) e \™Z thp /. gin8(——=

5 )

Van der Waals Interactions. The van der Waals energies, Evawaals are calculated among
all atoms, regardless of bonding and bond orders. A shielded interaction, fi2(rjj), ensures that
extreme repulsion between bonded and those atoms sharing a valence angle due to the van der
Waals interactions does not occur. Also, to avoid discontinuities in the energy when going
between bonded and non-bonded cutoffs, a Taper correction is included. The Taper correction
takes form as a distance dependent 7™ order polynomial where nonbonded energies and their
derivatives are multiplied by the Taper terms, dependent on the non-bonded cutoff radii Reu in

the polynomial.

f Tij f Ti;
s = Tap- Dy - oo ) _ . ()
vdWaals = 1ap ij (e - € )

N Aas 1
o) = () + (=) )
Yw
Tap = Tap, ' 1], + Taps - rf + Taps - 1, + Tap, - rif + Taps ' i} + Tap, - r} + Tap; - rj;

+ Tap,

Tap; =

Tapg =



-35

Tap, =
Rgut
Tapz_1 =0
Tapy =1

Coulomb Interactions. The energies due to coulombic interactions, Ecoulomb, are also
take all atom pairs into account using a shielded coulomb potential to adjust for orbital overlap

between close atoms. The charges are calculated using the electron equilibration method (EEM)

18

q_ . q.
Ecoulomp = Tap - C+ %
34 (—) 3

For a more comprehensive list of the parameters and their descriptions, see appendix A.

Force Fields for the Deposition of Alumina. The robustness of the ReaxFF
methodology for reactive molecular dynamics is immediately evident from this brief review of
the calculations used. Unfortunately, this robustness is offset by an increase in the number of
trained parameters, A, required and the computational accuracy of the training. Currently, the
method for developing ReaxFF potentials requires the use of high accuracy quantum mechanical
calculations wherein you take energies, bond lengths, charges, etc. for many orientations of your
system and the ReaxFF parameters are fit against them. '°. Another shortcoming of the ReaxFF
method is transferability. After fitting a potential to a specific system, it is unlikely to be able to
model even similar systems. It is because of this that a comprehensive review of the current
ReaxFF potentials is needed. In this manuscript I will be describing the ability of two different

129 and the second was

available potentials. The first potential was developed by Hong et a
developed by Zheng et al 2!, referred to by model 1 and model 2 going forward. Model 1 was

developed to model the carbon coating of aluminum nanoparticles. A one parameter search



method was used, focusing on the reparameterization of the Al-C bond, and subsequently the Al-
H bond was reparametrized as well. To fully describe these bonds, the EOS of aluminum
carbide, adsorption, and decomposition energies for hydrocarbons on an aluminum surface cut to
the (111) plane, and the dissociation energies of various AI-C-H-O clusters were included in the
training set. The Al-O parameters were not included in the training 2°. Model 2 was developed to
model the atomic layer deposition of alumina on hydroxylated and hydrogenated germanium
(Ge) substrates. This potential was trained using EOS and formation energies of GeO and GeO»,
the bond distances and dissociation energies of the Ge-C, Ge-H, Ge-O, Ge=0, Al-C, and Al-Ge
and angle distortion energies of H-Ge-O, C-Ge-O, Al-O-Ge, and O-Ge-O angles of clusters
containing Ge/Al/C/O/H 2!. Understanding how these two differ in describing the ALD of
alumina on aluminum is the first step toward developing a viable ReaxFF potential. The full

potential files for model 1 and 2 is located in appendix B-1 and B-2 respectively.
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COMPUTATIONAL METHODS

To thoroughly examine the capabilities of bother force fields several tests are performed.
First the Al is confirmed to be stable by modeling the melting point, lattice parameter, and
coefficient of thermal expansion (CTE) of both a crystal and a substrate of pure FCC Al. It is
important to test both are stable because any deficiencies of the Al-Al bonds in the potentials for
the crystal at higher temperatures could cause instability in the substrate at relatively lower
temperatures. Next the precursors H2 O, TMA, DMA, and MMA are tested for stability and
accuracy. Finally, the potentials are tested on the surface interactions that occur during the

deposition process.

Crystal Substrate Stability

Crystal. A crystallography information file (CIF) primitive unit cell of FCC aluminum is
obtained from the Material’s Project database ?*. It is then replicated periodically to make a
20x20x20 supercell (32,000 atoms), and a visualization of the figure is made using OVITO 2* as
seen in figure 1. MD simulations of the supercell are conducted using the LAMMPS ReaxFF
software package >*. A berendsen thermostat with a 0.25 fs time step is used to step the
simulation through time. First, the crystal is relaxed under NPT (nonvariant pressure and
temperature) at 300K for 10,000 steps (2.5 ps) with a pressure of 0 atm. It is then heated to
1050K at a rate of 0.08 K/fs. The volume is plotted against the temperature, and the melting
point of the crystal is determined when the distribution becomes non-linear. The crystal is then

relaxed at temperatures within the functional range of the ALD of alumina, 300K-600K every

1
25K for 2.5 ps. The lattice parameter, LP, is determined as a function of the volume LP = (2—‘(;3 3

11



and the coefficient of thermal expansion, CTE, as a function of the lattice parameters and

_ (LPx—LPy)

temperature. CTE; = LPo(TacTy)’

The results are compared to each other and experimental results.

Figure 1: 20x20x20 supercell of aluminum crystal

Substrate. An Al(111) substrate 6 layers thick, 216 atoms, is generated using the USPEX
25 substrate generator as seen in figure 2. The substrate is heated from 100k to 1300K at a rate of
0.08 K/ps under NVT conditions. The melting point of the substrate is determined by plotting the
energy against the temperature and by comparing the Al-Al radial distribution functions (RDF)
between timesteps. The resulting melting points are then compared to each other and

experimental results.

12



Figure 2: Al(111) substrate generated for verification of substrate stability

Precursor Stability

Reactive Force Field. Accuracy of the modeling of trimethylaluminum (TMA) is
confirmed using a geometry optimization of a single molecule, figure 3a. The optmization was
carried out at OK using the BFGS quasi-Newtonian optimization method available on the
Amsterdam Modeling Suites (AMS) 112 platform. The optimization was performed to an energy
convergence of 2.72x10™* eV and a gradient convergence of 2.72x10 eV/A. The bond distances
for Al-C and C-H, and the angles for the H-C-H, C-Al-C, and Al-C-H are compared with
experimental and DFT data. Identical relaxation was also performed for dimethylaluminum
(DMA), figure 3b, and monomethylaluminum (MMA), figure 3¢, as these precursor fragments

are also abundant in the atomic layer deposition process.

13



Figure 3: Snapshots of TMA (a) DMA (b) and MMA (c¢), Hydrogen-white, Carbon-dark
grey, Al-light grey, before relaxation.

1000 H,O molecules are packed into a cubic cell at a density of 1.5 g/cm? (figure 4), a
higher density than that of water, using the PACKMOL 2° software. The cell is then relaxed
under NPT conditions at 300K and 0 atm for 25 ps. The average volume and radial distributions
of the O-H, O-0, and H-H are taken over the last 0.5 ps. The average lengths of the O-O and H-
O bonds is also taken.

DFT Verification. Validation of the ReaxFF relaxations is done using the Vienna Ab
initio Simulation Package (VASP) ?’. The PBE 2 functional in the projector augmented wave
(PAW) ?° method is used. An energy cutoff of 520 eV with gaussian smearing (6=0.05 eV) and a
1x1x1 k-point grid is automatically generated using the Monkhorst package °. The geometry
optimizations are done to an energy convergence of 1x107° eV and an ionic convergen ce of

1x10™,

Reaction Pathway Modeling
Reactive Force Field. In an effort to determine the ability of each force field to model

the ALD process, 3 scenarios are taken into account. The initial adsorption of a TMA onto a

14



wetted Al(111) surface, the first ligand exchange of the H>O pulse, and the second ligand
exchange of the H20 pulse. The energy pathways of these scenarios are determined through
geometry optimization and compared to DFT results to determine any deficiencies in the

potentials.

Figure 4: H20, H-white O-red, packed into a cubic volume

Adsorption of TMA on a Wetted Al(111) Surface. A 3 layer 2x2 of AI(111), 109 Al

atoms, is generated. A single hydroxyl unit is allowed to relax on the surface of the substrate and

a single, unbonded TMA is introduced into the system. This is taken as the first state of the TMA

15



adsorption, figure 5a. The second state of the system is the adsorption of the TMA onto the
hydroxyl unit, figure 5b, then the ligand exchange is modeled by the bond breaking and
formation of the hydrogen from the hydroxyl unit to one of the methyl units of the TMA. This
transitional state of the methane (CHa4) formation before desorption is the third state, figure 5Sc.
The final state of the system is taken after the desorption of the methane from the surface, figure
5d. The geometeries of all the states are optimized with an energy convergence of 2.72x10* eV
and a gradient convergence of 2.72x1072 eV/A and are checked for non-physical geometries to
ensure the accuracy of the relaxation.

Adsorption of the First HoO onto DMA. To model the adsorption of the first H,O

adsorption, the methane product is purged from the final state of the TMA adsorption, and a
single H2O molecule is added to the system, figure 6a. Then the adsorption of the H2O is
modeled, figure 6b, and the ligand exchange transition state, 6¢. Finally, the methane desorption
is modeled, 6d, and all geometries were optimized with an energy convergence of 2.72x10™* eV
and a gradient convergence of 2.72x107% eV/A.

Adsorption of the Second H>,O onto MMA. The second H>O adsorption is modeled

similarly to the first. The methane is purged and a single H>O molecule is added to the system
(figure 7a), then the adsorption state (figure 7b), transition state (figure 7¢), and the desorption of
the methane (figure 7d) are modeled. All the geometries are then optimized under the same
conditions.

DFT Verification. To determine the accuracy of the reaction pathways determined by
using the ReaxFF geometry optimization, DFT calculations are performed using the VASP
software. Because these are surface interactions involving multiple molecules, the inclusion of

the Van der Waals (VdW) forces into the DFT calculations is necessary.
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states.

Van der Waals play a critical role in intermolecular interactions and adsorption
mechanics 3!. VAW calculations are included using the VAW kernel available at VASP 3234,
Geometry optimizations of all states are performed and the energies relative to the initial state
are used to determine the energy barrier for the transition states and the overall energy change of
the reaction path. These energies are compared to the energies of both models to evaluate their

ability to describe the system.
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Flgure 6: H20 adsorptlon onto DMA intial (a) adsorption (b) transition (c) and desorptlon (d)
states.

The geometry optimizations were done with the PBE functional in the PAW method are used. An
energy cutoff of 300 eV with gaussian smearing (6=0.05 eV) and a I1x1x1 k-point grid are
automatically generated using the Monkhorst package and an energy convergence of 1x107 eV

and ionic force convergence of 1x1072.
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Flgure 7: HzO adsorptlon onto MMA intial (a) adsorption (b) transition (c) and desorptlon (d)
states.
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RESULTS

Crystal and Substrate Stability

Crystal Stability. After relaxation, the crystal volume was plotted against the
temperature for model 1 and model 2, figures 8a and 8b respectively. The melting point of the
crystal is determined from the point of the distribution that becomes non-linear. The lattice
parameters and coefficients of thermal expansion are calculated from the volumes at

temperatures ranging from 300 to 600 every 25 K, table 1.
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Figure 8: Volume (A%) and Temperature (K) of Al crystal for model 1 (a) and model 2 (b)
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Table 1: Volume, lattice parameter and CTE of Al crystals at temperatures ranging from 300 K
to 600 K for model 1 and 2

Model 1 Model 2
T V (x10° LP (A) CTE (x10° V (x107 LP (A) CTE (x10°

(K) A%) K A%) K

300 5.47465 4.090302113 5.47475 4.090328634

325  5.48946 4.093987854 36.04371065  5.48964 4.094033146  36.22704137
350  5.50585 4.098058005 37.92332363  5.50566 4.098011051  37.56381333
375 5.52183 4.102019038 38.19416577  5.52159 4.101959454  37.91323853
400 5.53827 4.106085619 38.58762916  5.5381 4.106044607  38.42227556
425  5.55557 4.110356104 39.22251413  5.55547 4.110331486  39.12224002
450 5.57316 4.114690404 39.74977997  5.57314 4.114685295  39.69796939
475  5.59125 4.119136495 40.28257417  5.59137 4.11916683 40.2876412
500 5.61062 4.123889592 41.05745504  5.61028 4.123805491  40.92196528
525  5.63007 4.128649103 41.66711017  5.62973 4.128565225  41.54688295
550  5.65007 4.133532622 42.27610426  5.65012 4.133543342  42.26037766
575  5.67125 4.138689656 43.01753248  5.67117 4.138671732  42.97774083
600 5.69352 4.144100504 43.84223125 5.69314 4.144007843  43.74482208

The values of the melting points, lattice parameters at 400K and coefficients of thermal

expansion are included in table 2 and compared against experimental results from Nakashima et

al. 3.
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Table 2: Comparison of the MP, LP, and CTE of model 1 and 2 with experimental data from

Nakashima et al.

Al Crystal Melting Al Crystal Lattice CTE (x10°K™") @
Point (K) Parameter @ 400 K (A) 600 K
Model 1 910 4.106 43.37
Model 2 910 4.106 43.37
Nakashima 933 4.059 28.03
m  E (Kcal/mol)
= 15000 (] :
£
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Figure 9: Energy (Kcal/mol) vs temperature (K) for Al(111) substrate model 1 (a) and

model 2 (b)
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Figure 10: The Al-Al radial distribution functions at 300 K, 400 K, 500 K, and 600 K for

model 1 (a) and model 2 (b)
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Substrate Stability. After heating the AI(111) substrate to about 1300 K, the effective
melting point of the substrate is determined by an incontinuity in the distribution of the potential
energy of the system versus the temperature, figures 9a and 9b for models 1 and 2 respectively.

The Al-Al RDF’s for temperatures ranging from 300 K-600 K are presented in figures 10a and

10b.

Precursor Stability
TMA. Table 3 shows the results of the relaxations for TMA, DMA, and MMA molecules

for model 1, model 2, and DFT calculations.

Table 3: Relaxation values for TMA, DMA, and MMA molecules for model 1, model 2, and
DFT calculations.

TMA DMA MMA
Al- C-
C-Al-C  H-C- Al-C- AI-C  C-H C-Al- H-C- Al-C-  AI-C C-H H-C- Al-C-
C H
©) H(@®©) H(®) &) A c® HOGB HGB @A A H® HE)
A A
Model 1 1.9 1.1
120 108.9 110 1.96 1.17 1159 109.2 109.8 1.96 1.17 109.2 109.7
7 7
Model 2 1.9 1.1
120 111.4 107.5 1.93 1.17 1303 111.5 107.4 1.92 1.16 112 106.9
4 7
DFT 1.9 1.1 106.9 117.9 108.1 106.9
119.99 111.88 1.98 1.11 110.70  1.99 1.11 111.88
7 0 4 1 7 6

H20. The average volume of the last 0.5 ps of the ReaxFF molecular dynamics gave
densities of water of 0.859 g/cm? for model 1 and 0.856 g/cm? for model 2. Figure 11a-d shows

the g(r)’s for the bulk water compared to results published by LaCount et al * and table 4
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contains the average O-O and O-H bond lengths and densities for model 1 and model 2

compared to results published by Sun et al. 3’
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Figure 11: ReaxFF O-O-O angle (a), g(r) for O-H (b), H-H (¢), and O-O (d) compared to
data from Lacount et al.
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Table 4: Density and average bond lengths of relaxed cell of water for model 1 and model 2
compared to results published by Sun et al.

Density (g/cm?) 0-0 (A) O-H (A)
Model 1 0.858921 2.86 0.967
Model 2 0.855628 2.83 0.967
Sun et al. 0.999987 2.7 0.97-1.01

Reaction Pathway Energies
TMA Adsorption to Wetted Al(111) Surface. The pathway for the reaction of TMA
with a wetted aluminum surface for each of the models is compared to DFT calculations

performed, figure 12.

2.622 eV
B Model 1

B Model 2
0.950 eV B DFT VASP

Energy (ev)

-1.642 eV
9 -1.990
eV
-3 -3.040 eV
-3.446 eV
4

Figure 12: Energy path for model 1, model 2, and DFT calculations of TMA reacting with wetted
surface.
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First H20 Adsorption to Terminating DMA. The pathway for the reaction of H,O onto
a terminating DMA for each of the models is compared to DFT calculations performed, figure
13.

Second H20 Adsorption to Terminating MMA. The pathway for the reaction of H,O
onto a terminating MMA-OH for each of the models is compared to DFT calculations

performed, figure 14.

Charges
Table 5 a-c shows the charges for the adsorbed aluminum and interstitial oxygen for the
pre-adsorption, adsorption, and methane desorption states of the initial TMA deposition and two

subsequent H>O reactions.

2 . Model 1

# DFT VASP

0.5
T o
2 1 4.5
L%) -0.5
| -0.842 eV
i ‘12ev -0.868 eV
15 -1.280 eV
2
-2.06 eV
2.5

Figure 13: Energy path for model 1, model 2, and DFT calculations of H>O reacting with a
terminating DMA.
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Figure 14: Energy path for model 1, model 2, and DFT calculations of H>O reacting with a
terminating MMA-OH.

Table 5a: Adsorbed Al and interstitial O charges for initial TMA adsorption of model 1 and 2

Model 1 Model 2
Pre- Adsorption Methane Pre- Adsorption Methane
adsorption Desorption adsorption Desorption
Al 0.8361 1.0114 0.8205 0.8578 1.0681 0.8051
O -0.8881 -1.0063 -1.0397 -0.8190 -0.8209 -1.0305
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Table 5b: Adsorbed Al and interstitial O charges for first H2O adsorption of model 1 and 2

Model 1 Model 2
Pre- Adsorption Methane Pre- Adsorption Methane
adsorption Desorption adsorption Desorption
Al 0.8164 0.9953 0.8917 0.8075 0.9774 0.8425
O -1.0389 -1.0442 -1.0415 -1.0292 -1.0297 -1.0450

Table 5c: Adsorbed Al and interstitial O charges for second H>O adsorption of model 1 and 2

Model 1 Model 2
Pre- Adsorption Methane Pre- Adsorption Methane
adsorption Desorption adsorption Desorption
Al 0.8844 1.0866 0.9597 0.8245 1.0095 0.8884
0 -1.0398 -1.0428 -1.0428 -1.0428 -1.0516 -1.0546
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DISCUSSION

Crystal, Surface, and Precursors

After the relaxation of the 20x20x20 crystal of FCC aluminum, the melting point of both
model 1 and model 2 are calculated to be approximately 910 K. This result is in good agreement
with experimental values. The lattice parameters and coefficients of thermal expansion for both
models are also in agreement, 4.106 A and 43.37x10°° K™! respectively. The coefficient of
thermal expansion calculated from the potentials is twice that of the known CTE of aluminum
(approximately 28.03x10°° K'!). This with the 0.047 A lattice parameter and 23 K differences
indicate that the Al-Al two, three, and four bonds are weaker than expected. No instability is
evident in the volume of the crystals within the effective deposition temperature range. The
testing of the substrates yields similar results. The Al(111) substrates for models 1 and 2 are
stable, linear increase in energy indicating no amorphous characteristics within the substrate,
within the deposition temperature range of 300 K-600 K. The radial distribution functions show
no widening of the peaks between the temperature range, another indication of stability, and the
average first nearest neighbor Al-Al bond length of 2.89 A is in good agreement with values
cited by Preobrajenski 3%,

The g(r)’s for the bulk water at 300 K show a lengthening of the O-O peak by
approximately 0.1 A and the second nearest neighbor O-H peak by 0.14 A to the experimental
data. This is indicative of a widening of the bonds between the HoO molecules. The lower
densities of both model 1 and model 2, 0.859 g/cm? and 0.856 g/cm? respectively, show potential
weakening in the hydrogen bonding that causes the cohesiveness between water molecules. The
O-H first nearest neighbor peak and the O-O-O angle distribution also matches closely agree

with the experimental data.
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The average TMA Al-C bond length for model 1 matches the DFT calculations and
previous studies by Berthomieu et al. 3 and Almenningen et al. *. Model 2 has an Al-C bond
length that is approximately 0.03 A less than the accepted value. This difference in the Al-C
bond between the DFT calculations and model 2 increases as the methyl ligands of the precursor
as removed. While the DFT calculations indicate that the bond length should increase as the Al
loses its methyl bonds, the bond lengths for model 1 remain stagnant and model 2 decrease. The
TMA C-H bond length for both models agreed at 1.17 A, 0.07 A more than the DFT calculations
and data from Berthomieu and Almenningen. This is a pattern that is seen repeated for the DMA
and MMA C-H bond lengths. This indicates that the hydrogen bond lengths are extended in the
C-H bonds as well as the O-H bonds. The Al-C-H and H-C-H angle measurements for model 1
are equal and are consistent between the TMA, DMA, and MMA precursors. Model 2 has a
higher H-C-H angle than Al-C-H, the inverse of the DFT results. This is also persistent between
TMA, DMA, and MMA. This could indicate that the valency and/or bond order parameters are
not fit well for the precursors. It is important to note that model 1 modeled the angles and bond
lengths of the precursor more accurately than model 2, surprising considering model 2 used

TMA as a molecule in its training.

The Reactions

TMA Adsorption on a Hydroxylated Al(111) Surface. The initial adsorption energy
for model 2 was almost zero. This indicates that spontaneous adsorption of TMA onto the
hydroxylated surface may not be seen or may not be very frequent using model 2. The energy
barrier of 2.715 eV is 1 eV more than the DFT calculation of 1.71 eV energy barrier. This

indicates that the Al-C bond after the TMA is attracted to the H does not lengthen, allowing for
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the ligand exchange to the now weakened methyl unit and the formation of methane. These
results are consistent with the precursor stability test. The reaction pathway for Model 1 shows a
greater loss in energy after adsorption and a lower energy barrier (1.323 eV), but the overall loss
in energy is approximately equal to the adsorption energy which means the ligand exchange is
not as favorable.

H20 Adsorption onto Surface DMA. The reaction pathway for the adsorptions of first
and second H>O for both models show an AI-O bond is formed spontaneously (-1.28 eV and -
0.857 eV AE for model 1 and 2 respectively). Overall change in energy of the reactions indicates
an exothermic reaction and are -0.852 eV for model 1 and -0.868 eV for model 2. The energy
barrier for the transition states is 2.612 eV for model 1 and 1.949 eV for model 2. The relative
energy after the desorption of the methane for model 1 is not lower than the energy after the
initial adsorption, which indicates the ligand exchange will not occur for the second interaction
of the deposition process either. This could be due to a decreased dissociation energy of the Al-C
that is evident in the potential (Appendix B-1). Model 2 on the other hand ends on a lower
energy than the initial adsorption (0.011 eV lower) but has a higher energy barrier than the DFT
calculation. This indicates there will be a spontaneous adsorption and favorable formation of
methane, which is noted in the results published in Zheng et al. 2!.

H20 Adsorption onto Surface MMA-OH. The second H>O adsorption for both models
is spontaneous with an adsorption energy of -1.262 eV for model 1 and -1.059 eV for model 2.
Both models sport a high energy barrier (3.139 eV for model 1 and 2.71 eV for model 2) and
lower desorption energy of the methane. This means that the ligand exchange and formation of
the terminating Al-20H for the H>O pulse of the atomic layer deposition of alumina are not

favorable to occur.

33



CONCLUSIONS

The current ReaxFF potentials can model a stable Al surface and bulk water. Model 1 can
model the TMA precursor and its decomposition fairly well. It fails to simulate the surface
reactions of the ALD process, though, likely due to lower dissociation energy of the Al-C bond
leading to stronger bonding between the central Al atom of TMA and the C of the methyl unit.
Model 2 does not model TMA or its decompositions well. Shortening of the Al-C bond lengths
after decomposition and lower Al-C-H bond lengths are indications that the bond orders for the
C valency and torsion terms. Model 2 did, however, show evidence of spontaneous adsorption
and favorable formation and desorption of methane during the first H>O deposition, showing that
describing the individual precursor is not necessarily a prerequisite of modeling the system.
Reparameterization of the currently available ReaxFF potentials is necessary in order to model
the ALD of alumina on an aluminum surface. The training set should include the bond orders,
dissociation energies, and valencies of molecules containing Al-C-H-O. Although this could be a
rigorous process, the number of data points needed could be reduced by utilizing techniques in

artificial intelligence and machine learning.
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Appendix A: Table of ReaxFF Parameters

APPENDICES

Description
pbol sigma bond order 1
pbo2 sigma bond order 2
pbo3 pi bond order 1
pbo4 pi bond order 2
pbo5 double pi bond order 1
pbob6 double pi bond order 2
A overcoord 1
A2 overcoord 2
A3 bond order correction 1
v bond order correction 2
AS bond order correction 3
A6 bond energy 1
A7 bond energy 2
A8 lone pair valency angle
A9 lone pair energy
A10 overcoordination 1
Al overcoordination 2
A2 overcoordination penalty
Al3 valence angle parameter
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A4

Undercoordination energy 1

AlS Undercoordination 1

A6 undercoordination 2

A7 undercoordination 3

Al8 valence angle 1

A19 valence angle 2

220 valence angle 3

A21 valence angle 4

A22 valence angle

A23 valency undercoordination
A24 Undercoordination 4

A25 valency/lone pair

A26 valency angle 1

A27 valency angle 2

A28 penalty energy

A29 double bond

A30 double bond overcoord 1
A31 double bond overcoord 2
A32 valence conjugation

A33 valency angle conjugation 1
A34 valency angle conjugation 2
A35 valency angle conjugation 3
136 torsion angle
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A37 torsion bond order
A38 torsion overcoord 1
A39 torsion overcoord 2
A0 torsion conjugation energy
Al torsion conjugation
A2 hydrogen bond energy
A3 hydrogen bond order
A4 hydrogen bond

D¢° sigma dissociation
D" pi dissociation

D™ double pi dissociation
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Appendix B-1

Reactive MD-force field: AI/C/H/O JPCC, S. Hong and A.C.T. van Duin, J. Phys. Chem. C,
2016, 120 (17), pp 9464-9474, http://dx.doi.org/10.1021/acs.jpcc.6b00786
39 ! Number of general parameters
50.0000 !Overcoordination parameter
9.5469 !Overcoordination parameter
26.5405 !'Valency angle conjugation parameter
1.7224 !Triple bond stabilisation parameter
6.8702 !Triple bond stabilisation parameter
60.4850 !C2-correction
1.0588 !Undercoordination parameter
4.6000 !Triple bond stabilisation parameter
12.1176 'Undercoordination parameter
13.3056 !Undercoordination parameter
-70.5044 'Triple bond stabilization energy
0.0000 !Lower Taper-radius
10.0000 !Upper Taper-radius
2.8793 !Not used
24.5000 !'Valency undercoordination
6.0891 !'Valency angle/lone pair parameter
1.0563 !'Valency angle
2.0384 !Valency angle parameter
6.1431 !Not used
6.9290 !Double bond/angle parameter
0.3989 !Double bond/angle parameter: overcoord
3.9954 'Double bond/angle parameter: overcoord
-2.4837 INot used
5.7796 !Torsion/BO parameter
10.0000 !Torsion overcoordination
1.9487 !Torsion overcoordination
-1.2327 !Conjugation 0 (not used)
2.1645 !Conjugation
1.5591 !'vdWaals shielding
0.1000 !Cutoff for bond order (*100)
2.1365 !'Valency angle conjugation parameter
0.6991 !Overcoordination parameter
50.0000 !Overcoordination parameter
1.8512 !Valency/lone pair parameter
0.5000 !Not used
20.0000 !Not used
5.0000 'Molecular energy (not used)
0.0000 !'Molecular energy (not used)
2.6962 !'Valency angle conjugation parameter
5 ! Nr of atoms; cov.r; valency;a.m;Rvdw;Evdw;gammaEEM;cov.r2;#
alfa;gammavdW;valency;Eunder;Eover;chiEEM;etaEEM;n.u.
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cov 13;Elp;Heat inc.;n.u.;n.u.;n.u.;n.u.
ov/un;vall;n.u.;val3,vval4
C 1.3817 4.0000 12.0000 1.8903 0.1838 0.9000 1.1341 4.0000
9.7559 2.1346 4.0000 34.9350 79.5548 5.9666 7.0000 0.0000
1.2114 0.0000 202.5551 8.9539 34.9289 13.5366 0.8563 0.0000
-2.8983 2.5000 1.0564 4.0000 2.9663 0.0000 0.0000 0.0000
H 0.8930 1.0000 1.0080 1.3550 0.0930 0.8203 -0.1000 1.0000
8.2230 33.2894 1.0000 0.0000 121.1250 3.7248 9.6093 1.0000
-0.1000 0.0000 61.6606 3.0408 2.4197 0.0003 1.0698 0.0000
-19.4571 4.2733 1.0338 1.0000 2.8793 0.0000 0.0000 0.0000
O 1.2450 2.0000 15.9990 2.3890 0.1000 1.0898 1.0548 6.0000
9.7300 13.8449 4.0000 37.5000 116.0768 8.5000 8.3122 2.0000
0.9049 0.4056 59.0626 3.5027 0.7640 0.0021 0.9745 0.0000
-3.5500 2.9000 1.0493 4.0000 2.9225 0.0000 0.0000 0.0000
Al 2.4443 3.0000 26.9820 2.0089 0.2161 0.5675 -1.6836 3.0000
11.8538 16.3962 3.0000 0.0076 16.5151 -0.2451 6.3319 0.0000
-1.0000 0.0000 67.5458 137.9671 0.2042 0.0000 0.8563 0.0000
-14.9162 3.0000 1.0338 3.0000 2.5791 0.0000 0.0000 0.0000
X -0.1000 2.0000 1.0080 2.0000 0.0000 0.0100 -0.1000 6.0000
10.0000 2.5000 4.0000 0.0000 0.0000 5.0009999.9999 0.0000
-0.1000 0.0000 -2.3700 8.7410 13.3640 0.6690 0.9745 0.0000
-11.0000 2.7466 1.0338 2.0000 2.8793 0.0000 0.0000 0.000
10 ! Nr of bonds; Edis1;LPpen;n.u.;pbel;pbo5;13corr;pbob
pbe2;pbo3;pbo4;n.u.;pbol;pbo2;ovcorr
1 1158.2004 99.1897 78.0000 -0.7738 -0.4550 1.0000 37.6117 0.4147
0.4590 -0.1000 9.1628 1.0000 -0.0777 6.7268 1.0000 0.0000
1 2169.4760 0.0000 0.0000 -0.6083 0.0000 1.0000 6.0000 0.7652
5.2290 1.0000 0.0000 1.0000 -0.0500 6.9136 0.0000 0.0000
2 2153.3934 0.0000 0.0000 -0.4600 0.0000 1.0000 6.0000 0.7300
6.2500 1.0000 0.0000 1.0000 -0.0790 6.0552 0.0000 0.0000
1 3158.6946 107.4583 23.3136 -0.4240 -0.1743 1.0000 10.8209 1.0000
0.5322 -0.3113 7.0000 1.0000 -0.1447 5.2450 0.0000 0.0000
3160.0000 0.0000 0.0000 -0.5725 0.0000 1.0000 6.0000 0.5626
1.1150 1.0000 0.0000 0.0000 -0.0920 4.2790 0.0000 0.0000
3 142.2858 145.0000 50.8293 0.2506 -0.1000 1.0000 29.7503 0.6051
0.3451 -0.1055 9.0000 1.0000 -0.1225 5.5000 1.0000 0.0000
1 4106.1950 0.0000 0.0000 0.6481 -0.3000 0.0000 36.0000 0.0100
3.5736 -0.3500 25.0000 1.0000 -0.1947 4.8726 0.0000 0.0000
2 4 78.5674 0.0000 0.0000 -0.5170 -0.3000 0.0000 36.0000 0.0100
13.0000 -0.3500 25.0000 1.0000 -0.1044 5.6108 0.0000 0.0000
3 4175.2517 0.0000 0.0000 -0.8707 -0.3000 0.0000 36.0000 0.0100
0.9278 -0.3500 25.0000 1.0000 -0.1183 4.6533 0.0000 0.0000
4 4 65.7742 0.0000 0.0000 -0.4111 -0.3000 0.0000 16.0000 0.2955
2.8637 -0.4197 14.3085 1.0000 -0.1993 4.8757 0.0000 0.0000
6 ! Nr of off-diagonal terms; Ediss;Ro;gamma;rsigma;rpi;rpi2
1 2 0.1239 1.4004 9.8467 1.1210 -1.0000 -1.0000

[\S)

W
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1 3 0.1156 1.8520 9.8317 1.2854 1.1352 1.0706

2 3 0.0283 1.2885 10.9190 0.9215 -1.0000 -1.0000

1 4 03468 1.4082 12.8976 1.5543 -1.0000 -1.0000

2 4 0.0549 1.3617 12.7585 1.7073 -1.0000 -1.0000

34 03745 1.8179 9.7359 1.4165 -1.0000 -1.0000

37 ! Nr of angles;atl;at2;at3;Thetao,o;ka;kb;pv1;pv2

59.0573 30.7029 0.7606 0.0000 0.7180 6.2933 1.1244
65.7758 14.5234 6.2481 0.0000 0.5665 0.0000 1.6255
70.2607 25.2202 3.7312 0.0000 0.0050 0.0000 2.7500
49.6811 7.1713 4.3889 0.0000 0.7171 10.2661 1.0463
65.0000 13.8815 5.0583 0.0000 0.4985 0.0000 1.4900
77.7473 40.1718 2.9802 -25.3063 1.6170 -46.1315 2.2503
0.0000 3.4110 7.7350 0.0000 0.0000 0.0000 1.0400
0.0000 0.0000 6.0000 0.0000 0.0000 0.0000 1.0400
0.0000 25.0000 3.0000 0.0000 1.0000 0.0000 1.0400
0.0000 27.9213 5.8635 0.0000 0.0000 0.0000 1.0400
0.0000 8.5744 3.0000 0.0000 0.0000 0.0000 1.0421
0.0000 15.0000 2.8900 0.0000 0.0000 0.0000 2.8774
73.5312 44.7275 0.7354 0.0000 3.0000 0.0000 1.0684
79.4761 36.3701 1.8943 0.0000 0.7351 67.6777 3.0000
70.1880 20.9562 0.3864 0.0000 0.0050 0.0000 1.6924
85.8000 9.8453 2.2720 0.0000 2.8635 0.0000 1.5800
75.6935 50.0000 2.0000 0.0000 1.0000 0.0000 1.1680
80.7324 30.4554 0.9953 0.0000 1.6310 50.0000 1.0783
90.0000 5.0000 3.0000 0.0000 1.0000 0.0000 1.1000
90.0000 11.1212 4.3379 0.0000 3.0000 0.0000 3.0000
43.6280 11.0750 6.6200 0.0000 3.0000 0.0000 1.0100
64.5513 10.5987 1.0471 0.0000 3.0000 0.0000 1.6045
84.7469 7.3926 2.9453 0.0000 0.1000 0.0000 1.2535
27.4957 14.3276 0.2771 0.0000 2.3158 0.0000 2.2134
71.5643 40.0000 0.7916 0.0000 0.0230 0.0000 1.0011
1.0000 39.3256 10.0000 0.0000 0.4988 0.0000 1.3731
77.3364 13.9658 9.8503 0.0000 0.1352 0.0000 1.0000
74.5260 40.0000 2.4295 0.0000 1.8739 0.0000 1.0010
26.5597 9.1438 8.4576 0.0000 2.3277 0.0000 1.4756
39.5036 6.3913 0.9117 0.0000 2.6905 0.0000 3.0000
2 100.0000 5.9042 0.0871 0.0000 3.0000 0.0000 1.0100
4 10.0000 4.2493 0.4967 0.0000 0.1000 0.0000 1.9554
4 180.0000 -22.9923 5.1657 0.0000 0.8783 0.0000 2.3156
4 0.0000 10.9458 0.1218 0.0000 0.1000 0.0000 1.0588
4 0.0000 2.0796 1.0424 0.0000 1.5070 0.0000 1.2393
2 79.1340 0.2838 3.8832 0.0000 0.1001 0.0000 3.0000
2 4 0.0000 0.0100 0.0100 0.0000 0.7901 0.0000 2.9774
26 ! Nr of torsions;atl;at2;at3;at4;;V1;V2;V3;V2(BO);vconj;n.u;n

1 111 -0.2500 34.7453 0.0288 -6.3507 -1.6000 0.0000 0.0000
1112 -02500 29.2131 0.2945 -4.9581 -2.1802 0.0000 0.0000

OO ,LA,, RO ERERERERLEPREOWWNDDNDWRFRWLWWNDWNDRFRWWWNND R~

AR NN DDRERPRAEDEDRL, PR, BB PB D WL LWUWLWWWWWWRNRNNNNDNRFEER -
S

— = N R NODNDN = = —m N D~ WWPRAWNRWNNEFE = WNDDRN === WN —= N ——
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W — DN — L) L) LW L) L) ) = b b b e b e e e e e

-0.2500 31.2081 0.4539 -4.8923 -2.2677
-0.3495 22.2142 -0.2959 -2.5000 -1.9066
0.0646 24.3195 0.6259 -3.9603 -1.0000
-0.5456 5.5756 0.8433 -5.1924 -1.0180
1.7555 27.9267 0.0072 -2.6533 -1.0000
-1.4358 36.7830 -1.0000 -8.1821 -1.0000
-1.3959 34.5053 0.7200 -2.5714 -2.1641
-2.5000 70.0597 1.0000 -3.5539 -2.9929
0.6852 11.2819 -0.4784 -2.5000 -2.1085
0.1933 80.0000 1.0000 -4.0590 -3.0000
-1.9889 76.4820 -0.1796 -3.8301 -3.0000
0.2160 72.7707 -0.7087 -4.2100 -3.0000
-2.5000 71.0772 0.2542 -3.1631 -3.0000
2.5000 -0.6002 1.0000 -3.4297 -2.8858
-2.5000 -3.3822 0.7004 -5.4467 -2.9586
2.5000 -4.0000 0.9000 -2.5000 -1.0000
1.2329 -4.0000 1.0000 -2.5000 -1.7479
0.8302 -4.0000 -0.7763 -2.5000 -1.0000
-2.5000 -4.0000 1.0000 -2.5000 -1.0000

QOO O OO W W WNMNMFWRN M WWN DN WWWN

r of hydrogen bonds;at1;at2;at3;Rhb;Dehb;vhbl
2.1200 -3.5800 1.4500 19.5000
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0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
0.0000 0.1000 0.0200 -2.5415 0.0000 0.0000 0.0000
0.0000 50.0000 0.3000 -4.0000 -2.0000 0.0000 0.0000
0.5511 25.4150 1.1330 -5.1903 -1.0000 0.0000 0.0000



Appendix B-2

Reactive MD-force field: TMA/Ge/C/H/O
39 ! Number of general parameters
50.0000 'p bocl Eq(4c): Overcoordination parameter
9.5469 !p_boc2 Eq(4d): Overcoordination parameter
26.5405 !p coa2 Eq(15): Valency angle conjugation
1.7224 p_trip4 Eq(20): Triple bond stabilisation
6.8702 !p trip3 Eq(20): Triple bond stabilisation
60.4850 'k c2 Eq(19): C2-correction
1.0588 !p_ovun6 Eq(12): Undercoordination
4.6000 !p_trip2 Eq(20): Triple bond stabilisation
12.1176 'p_ovun7 Eq(12): Undercoordination
13.3056 !p_ovun8 Eq(12): Undercoordination
-70.5044 'p_tripl Eq(20): Triple bond stabilization
0.0000 !Lower Taper-radius (must be 0)
10.0000 'R _cut Eq(21): Upper Taper-radius
2.8793 Ip_fel Eq(6a): Fe dimer correction
33.8667 !p_val6 Eq(13c): Valency undercoordination
6.0891 !p_Ip1 Eq(8): Lone pair param
1.0563 !p_val9 Eq(13f): Valency angle exponent
2.0384 !p vall0 Eq(13g): Valency angle parameter
6.1431 !p_fe2 Eq(6a): Fe dimer correction
6.9290 !p_pen2 Eq(14a): Double bond/angle param
0.3989 !p_pen3 Eq(14a): Double bond/angle param
3.9954 !p pen4 Eq(14a): Double bond/angle param
-2.4837 !p_fe3 Eq(6a): Fe dimer correction
5.7796 'p_tor2 Eq(16b): Torsion/BO parameter
10.0000 !p_tor3 Eq(16c): Torsion overcoordination
1.9487 !p_tord Eq(16c): Torsion overcoordination
-1.2327 !p_elho Eq(26a): electron-hole interaction
2.1645 !p_cot2 Eq(17b): Conjugation if tors13=0
1.5591 'p_vdW1 Eq(23b): vdWaals shielding
0.1000 !Cutoff for bond order (*100)
2.1365 !p_coa4 Eq(15): Valency angle conjugation
0.6991 !p_ovun4 Eq(11b): Over/Undercoordination
50.0000 !'p_ovun3 Eq(11b): Over/Undercoordination
1.8512 !p_val8 Eq(13d): Valency/lone pair param
0.5000 !X soft Eq(25): ACKS2 softness for X 1ij
20.0000 !'d Eq(23d): Scale factor in lg-dispersion
5.0000 !'p_val Eq(27): Gauss exponent for electrons
0.0000 !'1 Eq(13e): disable undecoord in val angle
2.6962 !p _coa3 Eq(15): Valency angle conjugation
6 ! Nr of atoms; cov.r; valency;a.m;Rvdw;Evdw;gammaEEM;cov.r2;#
alfa;gammavdW;valency;Eunder;Eover;chiEEM;etaEEM;n.u.
cov 13;Elp;Heat inc.;bo131;bo132;bo133;softcut;n.u.
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ov/un;vall;n.u.;val3,vval4
C 1.3817 4.0000 12.0000 1.8903 0.1838 0.9000 1.1341 4.0000
9.7559 2.1346 4.0000 34.9350 79.5548 5.9666 7.0000 0.0000
1.2114 0.0000 202.5551 8.9539 34.9289 13.5366 0.8563 0.0000
-2.8983 2.5000 1.0564 4.0000 2.9663 0.0000 0.0000 0.0000
H 0.8930 1.0000 1.0080 1.3550 0.0930 0.8203 -0.1000 1.0000
8.2230 33.2894 1.0000 0.0000 121.1250 3.7248 9.6093 1.0000
-0.1000 0.0000 61.6606 3.0408 2.4197 0.0003 1.0698 0.0000
-19.4571 4.2733 1.0338 1.0000 2.8793 0.0000 0.0000 0.0000
O 1.2450 2.0000 15.9990 2.3890 0.1000 1.0898 1.0548 6.0000
9.7300 13.8449 4.0000 37.5000 116.0768 8.5000 8.3122 2.0000
0.9049 0.4056 59.0626 3.5027 0.7640 0.0021 0.9745 0.0000
-3.5500 2.9000 1.0493 4.0000 2.9225 0.0000 0.0000 0.0000
Al 2.4443 3.0000 26.9820 2.0089 0.2161 0.5675 -1.6836 3.0000
11.8538 16.3962 3.0000 0.0076 16.5151 -0.2451 6.3319 0.0000
-1.0000 0.0000 67.5458 137.9671 0.2042 0.0000 0.8563 0.0000
-14.9162 3.0000 1.0338 3.0000 2.5791 0.0000 0.0000 0.0000
Ge 2.0804 4.0000 72.6100 2.5441 0.1939 0.3000 0.9578 4.0000
11.9727 1.0000 4.0000 10.5217 131.4200 4.2027 6.0120 0.0000
-1.0000 0.0000 128.9891 8.7895 23.9298 0.8381 0.8563 0.0000
-4.0000 3.0365 1.0338 6.2998 2.5791 0.0000 0.0000 0.0000
X -0.1000 2.0000 1.0080 2.0000 0.0000 0.0100 -0.1000 6.0000
10.0000 2.5000 4.0000 0.0000 0.0000 5.00009999.9999 0.0000
-0.1000 0.0000 -2.3700 8.7410 13.3640 0.6690 0.9745 0.0000
-11.0000 2.7466 1.0338 2.0000 2.8793 0.0000 0.0000 0.0000
15 ! Nr of bonds; Edis1;LPpen;n.u.;pbel;pbo5;13corr;pbob
pbe2;pbo3;pbo4;n.u.;pbol;pbo2;ovcorr
1 1158.2004 99.1897 78.0000 -0.7738 -0.4550 1.0000 37.6117 0.4147
0.4590 -0.1000 9.1628 1.0000 -0.0777 6.7268 1.0000 0.0000
1 2169.4760 0.0000 0.0000 -0.6083 0.0000 1.0000 6.0000 0.7652
5.2290 1.0000 0.0000 1.0000 -0.0500 6.9136 0.0000 0.0000
2 2153.3934 0.0000 0.0000 -0.4600 0.0000 1.0000 6.0000 0.7300
6.2500 1.0000 0.0000 1.0000 -0.0790 6.0552 0.0000 0.0000
1 3158.6946 107.4583 23.3136 -0.4240 -0.1743 1.0000 10.8209 1.0000
0.5322 -0.3113 7.0000 1.0000 -0.1447 5.2450 0.0000 0.0000
3 160.0000 0.0000 0.0000 -0.5725 0.0000 1.0000 6.0000 0.5626
1.1150 1.0000 0.0000 0.0000 -0.0920 4.2790 0.0000 0.0000
3 142.2858 145.0000 50.8293 0.2506 -0.1000 1.0000 29.7503 0.6051
0.3451 -0.1055 9.0000 1.0000 -0.1225 5.5000 1.0000 0.0000
1 4124.6651 0.0000 0.0000 0.8374 -0.3000 0.0000 36.0000 0.0100
1.8311 -0.3500 25.0000 1.0000 -0.2337 4.6603 0.0000 0.0000
2 4 88.1357 0.0000 0.0000 -0.6715 -0.3000 0.0000 36.0000 0.0208
9.9192 -0.3500 25.0000 1.0000 -0.1014 5.5268 0.0000 0.0000
4175.2517 0.0000 0.0000 -0.8707 -0.3000 0.0000 36.0000 0.0100
0.9278 -0.3500 25.0000 1.0000 -0.1183 4.6533 0.0000 0.0000
4 4 65.7742 0.0000 0.0000 -0.4111 -0.3000 0.0000 16.0000 0.2955

\9)

(98]

[98)
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2.8637 -0.4197 14.3085 1.0000 -0.1993 4.8757 0.0000 0.0000
55 95.1003 63.0193 30.0000 0.1000 -0.3000 1.0000 16.0000 0.0755
0.1062 -0.6420 6.1811 1.0000 -0.0602 8.1721 0.0000 0.0000
2 5197.2565 0.0000 0.0000 -0.4949 0.0000 1.0000 6.0000 0.5000
14.0700 1.0000 0.0000 1.0000 -0.0822 5.0948 0.0000 0.0000
3 5179.4669 27.3037 43.3991 -0.4799 -0.3000 1.0000 36.0000 0.1561
9.5978 -0.6031 5.8440 1.0000 -0.1590 5.8144 1.0000 0.0000
1 5161.4618 47.6708 43.3991 -1.0000 -0.3000 1.0000 36.0000 0.0421
10.0094 -1.2556 14.0726 1.0000 -0.0661 6.5965 1.0000 0.0000
4 5139.6885 0.0000 0.0000 -0.4520 -0.2000 0.0000 16.0000 0.5199
8.1108 -0.2000 15.0000 1.0000 -0.1108 4.0729 0.0000 0.0000

10 ! Nr of off-diagonal terms; Ediss;Ro;gamma;rsigma;rpi;rpi2
0.1239 1.4004 9.8467 1.1210 -1.0000 -1.0000

0.1156 1.8520 9.8317 1.2854 1.1352 1.0706

0.0283 1.2885 10.9190 0.9215 -1.0000 -1.0000

0.3393 1.4683 12.5362 1.4713 -1.0000 -1.0000

0.0616 1.4846 11.6504 1.6956 -1.0000 -1.0000

0.3745 1.8179 9.7359 1.4165 -1.0000 -1.0000

0.0656 1.3939 13.6170 1.2520 -1.0000 -1.0000

0.1009 1.7484 12.4527 1.7770 1.3682 -1.0000

0.2655 1.9097 11.1886 1.9983 1.3682 -1.0000

0.2000 2.1000 11.5000 1.9916 -1.0000 -1.0000

! Nr of angles;at1;at2;at3;Thetao,0;ka;kb;pv1;pv2

59.0573 30.7029 0.7606 0.0000 0.7180 6.2933 1.1244
65.7758 14.5234 6.2481 0.0000 0.5665 0.0000 1.6255
70.2607 25.2202 3.7312 0.0000 0.0050 0.0000 2.7500
49.6811 7.1713 4.3889 0.0000 0.7171 10.2661 1.0463
65.0000 13.8815 5.0583 0.0000 0.4985 0.0000 1.4900
77.7473 40.1718 2.9802 -25.3063 1.6170-46.1315 2.2503
0.0000 3.4110 7.7350 0.0000 0.0000 0.0000 1.0400
0.0000 0.0000 6.0000 0.0000 0.0000 0.0000 1.0400
0.0000 25.0000 3.0000 0.0000 1.0000 0.0000 1.0400
0.0000 27.9213 5.8635 0.0000 0.0000 0.0000 1.0400
0.0000 8.5744 3.0000 0.0000 0.0000 0.0000 1.0421
0.0000 15.0000 2.8900 0.0000 0.0000 0.0000 2.8774
73.5312 44.7275 0.7354 0.0000 3.0000 0.0000 1.0684
79.4761 36.3701 1.8943 0.0000 0.7351 67.6777 3.0000
70.1880 20.9562 0.3864 0.0000 0.0050 0.0000 1.6924
85.8000 9.8453 2.2720 0.0000 2.8635 0.0000 1.5800
75.6935 50.0000 2.0000 0.0000 1.0000 0.0000 1.1680
80.7324 30.4554 0.9953 0.0000 1.6310 50.0000 1.0783
104.6094 27.2324 9.0549 0.0000 2.3214 0.0000 1.1378
90.0000 11.1212 4.3379 0.0000 3.0000 0.0000 3.0000
43.6280 11.0750 6.6200 0.0000 3.0000 0.0000 1.0100
64.5513 10.5987 1.0471 0.0000 3.0000 0.0000 1.6045
84.7469 7.3926 2.9453 0.0000 0.1000 0.0000 1.2535
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27.4957 14.3276 0.2771 0.0000 2.3158 0.0000 2.2134
51.9685 44.5007 3.5568 0.0000 1.5137 0.0000 1.0170
1.0000 32.3336 8.0478 0.0000 0.1476 0.0000 1.0537
80.6030 30.7117 9.8117 0.0000 0.6965 0.0000 2.1354
85.0931 44.6258 2.0213 0.0000 1.7462 0.0000 1.1565
19.4475 2.2656 8.7606 0.0000 2.3143 0.0000 1.6903
39.3013 12.9114 0.5761 0.0000 3.0000 0.0000 2.8613
79.7991 0.1000 0.1000 0.0000 1.4104 0.0000 1.4114
4.0000 25.8806 0.6357 0.0000 0.5039 0.0000 2.3628
180.0000 -40.0000 2.3424 0.0000 1.2344 0.0000 1.0100
0.0000 10.9458 0.1218 0.0000 0.1000 0.0000 1.0588
0.0000 1.4899 1.8813 0.0000 1.5753 0.0000 1.2147
49.9808 4.4654 7.6824 0.0000 0.1213 0.0000 2.8840
0.0000 0.1000 0.1300 0.0000 0.6694 0.0000 2.9331
66.6054 16.3154 1.4405 0.0000 0.0133 0.0000 1.1339
0.0000 65.0379 8.0587 0.0000 1.6371 0.0000 2.1153
73.5323 10.0544 15.3457 0.0000 0.0651 0.0000 1.3384
71.8258 73.4083 8.5880 0.0000 2.8421 0.0000 1.6822
0.0000 69.5047 11.1621 0.0000 1.6371 0.0000 1.7493
89.7858 30.0940 3.0721 0.0000 0.3513 0.0000 2.8039
49.4808 19.2621 2.6641 0.0000 4.0000 0.0000 1.0000
80.7790 6.2479 1.3924 0.0000 3.2162 0.0000 1.0300
23.7087 10.9382 0.9520 0.0000 4.0000 0.0000 1.0000
69.7422 10.3770 9.2233 0.0000 1.1748 0.0000 1.0000
87.5684 18.2823 1.9481 0.0000 1.3815 0.0000 1.0739
55.5918 23.6896 2.1318 0.0000 3.6469 0.0000 1.9055
76.3376 18.8721 4.1229 0.0000 0.9194 0.0000 1.2935
100.0000 6.5114 2.5828 0.0000 0.6427 0.0000 1.5529
44.0075 2.7819 0.6763 0.0000 3.6755 0.0000 1.1903
88.8773 12.8751 9.3121 0.0000 3.0000 0.0000 1.0000
96.2951 18.3964 1.7282 0.0000 2.2703 0.0000 1.1962
18.1470 15.7705 4.8158 0.0000 2.9694 0.0000 2.4579
110.0000 27.5093 5.4413 0.0000 1.7696 0.0000 1.0000
65.7436 35.5076 1.3133 0.0000 0.1000 0.0000 2.9900
65.9044 14.7880 2.1288 0.0000 1.5443 0.0000 1.0000
0.0000 5.4180 1.3319 0.0000 1.3813 0.0000 1.0000
79.0746 31.3352 1.0637 0.0000 0.3650 0.0000 1.7765
79.1629 30.0000 1.3369 0.0000 0.1000 0.0000 2.2224
5100.0000 25.4959 2.2946 0.0000 1.3555 0.0000 1.0000
5110.0000 5.0000 3.0000 0.0000 0.9666 0.0000 1.5272
4 51.5018 3.5344 3.0000 0.0000 0.7694 0.0000 1.0000
5 68.4251 20.2143 2.1352 0.0000 0.5873 0.0000 1.3481
5 90.6054 5.3154 1.4405 0.0000 0.0133 0.0000 1.1339
2 5 0.0000 31.4046 5.8335 0.0000 1.6371 0.0000 1.0400
26 ! Nr of torsions;atl;at2;at3;at4;;V1;V2;V3;V2(BO);vconj;n.u;n
1 111-0.2500 34.7453 0.0288 -6.3507 -1.6000 0.0000 0.0000
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r of hydrogen bonds;at1;at2;at3;Rhb;Dehb;vhbl

-0.2500 29.2131 0.2945 -4.9581 -2.1802
-0.2500 31.2081 0.4539 -4.8923 -2.2677
-0.3495 22.2142 -0.2959 -2.5000 -1.9066
0.0646 24.3195 0.6259 -3.9603 -1.0000
-0.5456 5.5756 0.8433 -5.1924 -1.0180
1.7555 27.9267 0.0072 -2.6533 -1.0000
-1.4358 36.7830 -1.0000 -8.1821 -1.0000
-1.3959 34.5053 0.7200 -2.5714 -2.1641
-2.5000 70.0597 1.0000 -3.5539 -2.9929
0.1933 80.0000 1.0000 -4.0590 -3.0000
-1.9889 76.4820 -0.1796 -3.8301 -3.0000
0.2160 72.7707 -0.7087 -4.2100 -3.0000
-2.5000 -3.3822 0.7004 -5.4467 -2.9586
2.5000 -4.0000 0.9000 -2.5000 -1.0000
1.2329 -4.0000 1.0000 -2.5000 -1.7479
0.8302 -4.0000 -0.7763 -2.5000 -1.0000
-2.5000 -4.0000 1.0000 -2.5000 -1.0000

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
0.0000 0.1000 0.0200 -2.5415 0.0000 0.0000 0.0000

0.0000 50.0000 0.3000 -4.0000 -2.0000
0.5511 25.4150 1.1330 -5.1903 -1.0000
-2.0000 73.0530 1.5000 -9.0000 -2.0000
0.0002 80.0000 -1.5000 -2.5000 -2.0000
-1.8835 20.0000 1.5000 -9.0000 -2.0000

2.1200 -3.5800 1.4500 19.5000
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