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Abstract English

The kinetics of gas phase and surface chemistry from three nitride based hard coating chemical
vapor deposition systems were analyzed using a simulation-based approach. These three
systems include the titanium nitride, the aluminum nitride and the titanium-aluminum nitride
CVD systems which used TiCls, AlCls and NHs as the precursor gas. As a first step surface site
densities of the substrates were theoretically determined by the use of a crystalline model
surface. Ab-initio calculations were performed in an effort to obtain thermodynamic data of
the molecules in the gas phase. A reaction model for titanium-aluminum nitride was created
using the proposed co-deposition of AIN and TiN respectively. All of the aforementioned
analyses were necessary in order to perform a reacting flow simulation at the reactor scale. As
a final step the growth behavior of the different systems with respect to different deposition
parameters were examined. The results of all reacting flow simulations were within good
agreement to experimental data.

Kurzfassung

Die Kinetik der Gasphasen- und die Oberflachenchemie von drei Systemen zur chemischen
Gasphasenabscheidung von Hartstoffschichten auf Nitridbasis wurden mithilfe eines
simulationsbasierten Ansatzes analysiert. Bei diesen drei Systemen handelt es sich um das
Titannitrid-, das Aluminiumnitrid- und das Titan-Aluminiumnitrid-CVD-System, bei denen TiCly,
AICl3 und NHs als Vorlaufergas verwendet wurden. In einem ersten Schritt wurden die
Oberflachenplatzdichten der Substrate theoretisch mit Hilfe von kristallinen Modelloberflache
bestimmt. Ab-initio-Berechnungen wurden durchgefthrt, um thermodynamische Daten der
MolekUle in der Gasphase zu erhalten. Ein Reaktionsmodell fir Titan-Aluminium-Nitrid wurde
unter Verwendung der vorgeschlagenen gemeinsamen Abscheidung von AIN bzw. TiN erstellt.
Alle vorgenannten Analysen waren notwendig, um eine reaktive Stromungssimulation im
Reaktormalistab durchfihren zu koénnen. In einem letzten Schritt wurde das
Wachstumsverhalten der verschiedenen Systeme in Bezug auf unterschiedliche
Abscheidungsparameter untersucht. Die Ergebnisse aller Simulationen stimmten gut mit den
experimentellen Daten Uberein.
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1 Introduction

1.1 Basic concepts of Chemical Vapor Deposition (CVD)

Chemical vapor deposition (CVD) involves the formation

of a deposit on a substrate caused by the reaction of the substrate with chemicals in the vapor
phase. (1) CVD systems used in technical applications are of high complexity, this is mostly a
consequence of the synthesis from a gaseous phase. This directly applies to both the
understanding of the chemistry of a given system and the nucleation process. Nowadays CVD
is an important technique for the synthesis of high purity bulk materials (e.g. silicon CVD) as
well as thin film coatings (e.g. hard coatings). (2) CVD can be classified in many ways for example
in low and high pressure, cold or hot and the energy source. There are both gas phase and
surface reactions taking place during the CVD process.

1.1.1 Mechanistic steps during a CVD process
There are seven steps in the mechanistic model of the CVD process. (2) These steps are:

Transport of the reaction gas

Intermediate reactants form from reactant gases

Diffusion of reactant gases through the boundary layer to the substrate
Adsorption of the gases onto the surface of the substrate

Surface reactions are taking place

Desorption of the product gases

The gases are being pushed out of the system

NouswN e

Simulation of the CVD process in principle must take into account all of these steps. In this
thesis, the main focus is laid on understanding the impact of gas phase chemistry for the growth
rate of titanium nitride, the aluminum nitride and the titanium-aluminum nitride CVD system.

Bulk Gas
1 ?®
4’O—PO"('C3) 20 _,8 R
s
oé I
5 3 ? Boundary
l 6 Layer
0] l % l
4 5 ®
M +—CO00000O—

Substrate

Figure 1 Schematic diagram of the mechanistic steps, [Source: (2)]



1.1.2 Thermodynamics of CVD processes

For any CVD system the first step is to consider the thermodynamics of the reaction in terms
of viability for a process. (3) To determine this the Gibbs free energy approach is used. The
Gibbs free energy Gy is calculated and based on the result one can assume the reaction is likely
going to happen (negative G,) or is not going to happen (positive G). If there are several possible
reactions in a system, the one with the most negative G, should be selected because it leads to
the thermodynamically most stable products. For the determination of the Gibbs free energy
of a reaction one has to know or calculate the Gibbs free energy of formation (AGy) for all
products and reactants. When all the Gibbs free energies of formation are known then the
Gibbs free energy of a reaction can be obtained by summing up all AGy.

AG, = Z AGs(products) — Z AGy(educts) (1]

AGy can also be determined by the following equation:

T T C
AGy; = AHP(298K) + <f deT> —T* (50 + <f %dT)) 2]
298K 298K

The thermodynamic data of most species can be found in databases. The equilibrium constant
for a reaction can be written as:

(3]

AG, )

kequ = exp <_R T

With the equilibrium constant and the law of mass action (described in the chapter “Basics of
chemical kinetics”) one can relate the equilibrium constant to the partial pressures of a given
species. This can be expressed as:

k. — Lo(p)Vi (products)
o N o()Vi (educts)

4]

Where p; is the partial pressure of the species and v; is the stoichiometric coefficient of the
species.

In order to obtain realistic results for the simulation of a CVD process, the gas phase chemistry
needs to be considered. (4) Gas phase transport and parasitic reaction losses have a heavy
influence on the final deposition rates and should therefore be considered in the simulations.
(3) Also the modeling of the gas phase reaction system might exhibit information about possible
gas phase phenomena’s that could be very influential for some special CVD system.

Ever since CVD requires a reaction to take place on the surface of the substrate, the surface
chemistry is an important aspect. The surface chemistry includes the adsorption and desorption
of the gas phase molecules as well as the consideration of active sites and the heterogenous
reaction itself. The heterogenous reactions can be further divided into adsorption/desorption
reactions, reactions occurring between the gaseous species with the solid surface and solid
deposition reaction. It is very difficult to extract features for a single phenomenon, so the most
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common approach to quantify the adsorption and the subsequent heterogenous reaction
based on the isotherm adsorption theory (Langmuir isotherm).

Adsorption and desorption

In the Langmuir isotherm it is assumed that the substrate surface can be treated as a finite
number of surface sites (N) on which a gaseous species can be adsorbed. (3) The surface
coverage is defined as the ratio of the sites with gaseous species attached to the number of
total sites. The enthalpy of adsorption is the same for every site and it is independent of the
surface coverage (@). Also the adsorbed species do not interact with each other. Adsorption
rates for a gaseous species (rags) are dependent on the partial pressure of the gaseous species
and the number of vacant sites. Meanwhile the desorption rates (rqes) are proportional to the
occupied surface sites. The adsorption and desorption can be described with the following
equations:

rads:kads*(l_e)*N*P (5]

Taes = Kges * © x N (6]

In this formula kags and kqes are the constants for adsorption and desorption respectively and P
is the pressure. For equilibrium conditions the number of adsorbed atoms is equal to the
number of desorbed atoms. Therefore ra4s is equal to rges. So, the following equation can be
established.

kads*(]-_@)*N*P:kdes*@*N (7]

For a fixed temperature the equation relating the fraction of occupied sites to the partial
pressure in the vapor (pi) at, can be expressed using the mathematical term:

1
G)i B kads " P (kdes+kads * pi) [8]
Or as:
1

Where k is the surface equilibrium constant (the ratio of kags to Kges).

Due to the exothermic nature of the adsorption process, the surface coverage decreases with
anincrease in temperature. For heterogeneous reaction the rate is correlated to the coverage.
While for weakly adsorbed species the reaction can be treated as a first-order reactions, the
reaction of a strongly adsorbed species is described by zeroth order. The reaction rate in this
context is independent of the partial pressure. For species within the intermediate case the
rate may become a fraction. The behavior of a heterogeneous reaction with respect to
temperature is more complex than that of a homogeneous reaction. In the case of



homogeneous reaction its activation energy can be directly predicted by log(-1/T) curves.
However for heterogenous reactions the activation energy (E*) is expressed by:

E* = E*s — AH 445 [10]

where E*is the activation energy of the surface reaction and AH 4 is the heat of adsorption.

(3)

If two species compete for one surface site, then both can still be treated by the Langmuir
isotherm and the one with the higher value for surface coverage gets adsorbed. (3)

1
O, =k, * *
T TP T ke po + Ky % Pp)
and O, = k, *pp * ! [11]
b b b (1+ka*pa+kb*pb)
The reaction rate is proportional to the surface coverage.
Tg = kap * g * Oy [12]

Calculation of site densities

The site density (or the total number of sites) is an important feature for the
calculation/simulation of surface reactions. (5) Since a site is the crystallographic plane at which
a molecule can stick to the surface, one can just use crystallography and geometry (periodicity
of a crystal) to calculate the sites per cm?. During the surface reactions, the number of sites is
conserved.

Langmuir-Hinshelwood and Eley-Rideal reactions

Ever since surface reactions are often described by an overall reaction instead of a series of
elementary reaction one needs specific models for the description of these overall reactions.
The most used global rate expression models in surface chemistry are the Langmuir-
Hinshelwood model and the Eley-Rideal model. In the Langmuir-Hinshelwood model
adsorption and desorption are assumed to be in equilibrium. For this case it is assumed that
reactions take place at the surface as adsorbed species. In the case of Langmuir Hinshelwood
models all reaction sites are independent of each other and the surface coverage only
influences the number of available adsorption sites and not the energetics of the
adsorption/desorption process. An example of the Langmuir Hinshelwood model is given by
the following system which was taken from (6). In this form (s) is a surface species.

a+ 0(s) <=>a(s) [13]

b+ 0(s) <=> b(s) [14]



a(s) + b(s) =>c(s) +d(s) [15]

c(s) <=>c+0(s) [16]
d(s) <=>d + 0(s) [17]
A+B=>C+D (18]

Where the rate limiting step is the reaction between the adsorbed species. The elementary
reaction is replaced by the single overall reaction. Site blocking by adsorbed species is in terms
of the adsorption/desorption equilibria. The effect of this lumping of elementary reactions is
that the expression of rate changes significantly from the simple mass action rate expression.
The rate equation is given by the following expression:

_ k * Ky * [X4] * Kp * [Xp]
(1+ Ky = [X4] + K * [Xp] + K¢ = [Xc] + Kp * [Xp])?

q [19]

With the Ki’s as the equilibrium constants for adsorption and desorption and the [Xi] as the
concentrations of a given surface species. The products are not in numerator but ever since
they block surface sites causes them to appear in the denominator. Often even the equilibrium
constants from the numerator are lumped together. Which can be stated in a generalized form
by the following equation:

IT; X"
1+ 3% K; = X;,")m

Where |; might different than the stoichiometric coefficient (reaction order) and m might be
different from two. Also njis sometimes different from the stoichiometric coefficients.

The Eley-Rideal model describes the reaction between a gas phase species and adsorbed
species where this reaction(s) is (are) the rate limiting steps. This type of reaction is way less
common. The following example is again taken from (6) and might illustrate the Eley-Rideal
model.

a+ 0(s) <=>a(s) [21]
a(s) + b => c(s) [22]
c(s) <=>c+0(s) (23]
A+B=>C [24]

In this system the reaction of the adsorbed species a(s) and the gas species b is assumed to be
irreversible and the rate limiting step, whereas the adsorption/desorption is assumed to be in
equilibrium. (6) In the Eley-Rideal model, the elementary reactions are yet again replaced by
the single overall reaction which does not contain any surface species at all. For this system the
rate expression can be given as:



_ ke x Ky = [Xa] * [Xg]
1+ Ky = [X] + K¢ * [Xc]

q [25]

In the generalized form, the equation is the same as the Langmuir-Hinshelwood but without an
exponent in the denominator. This equation is as followed:

q=k'*—a— [26]

Growth kinetics, nucleation and film formation of a CVD process

As stated above, there are a number of consecutive steps with different influencing factors
mainly mass transport and reaction kinetics. (7) In high temperature CVD systems the
thermodynamics of the precursor reaction system is also a key factor. This correlation in the
growth kinetics is usually represented by plotting the growth rate versus the deposition
temperature in an Arrhenius chart. In the Arrhenius plot it becomes obvious that there are
three main regimes for the rate determining mechanism/factor.

The film growth is controlled by a combination of thermodynamics and kinetics. A general way
to describe trends for the thin film growth is with a thermodynamic model considering the
surface and interfacial energies. Three general growth modes can be distinguished. The first
one is the layer-by-layer growth (Frank van der Merve model), where the film atoms are bound
more strongly to the surface than to each other. As a result of this, every layer is fully completed
before the next layer starts to grow. That means that there is only a two-dimensional growth
happening. The second growth mode is the island growth (Vollmer-Weber model) which
happens when the film atoms are more strongly bound to each other than to the film. In this
case the film forms three-dimensional islands which nucleate and grow directly on the
substrate. The third growth mode is a combination of the layer-by-layer and the island model.
In this growth mode the island growth follows after the completion of the two-dimensional
layers.

@)
(a)

(f)

Figure 2 Typical steps during the growth of a thin film, [Source: (8)] The material is transported towards the
substrate (a), where it deposits. The adatoms diffuse (b) over the surface, moving towards low energ energy sites.



As more adatoms arrive, agglomerates begin to form (c) and the first islands nucleate (d). The new arrived adatoms
are incorporated into the islands (e), which grow until they reach each other and coalesce, forming the grain
boundaries (f).

:xnnmr&&%

Substrate Substrate Substrate

(a) (b) (c)

Figure 3 The three modes of film growth: Frank-van der Merwe (a), Volmer-Weber (b), and Stransky-Karastanov
(c), [Source: (9)]
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1.2 Theoretic concepts of modelling chemical reactors

1.2.1 Basics of chemical kinetics

The knowledge of chemical kinetics is crucial for the development and modelling of any CVD
process. (2) It describes the rates at which a reaction takes place in a certain system. The
complexity of the kinetics in a CVD system arises not only from the fact that there are numerous
steps taking place during the CVD process but that there are several important factors like
temperature and concentration gradient, geometric effects, and gas flow patterns in the
reaction zones.

Stoichiometry and reaction mechanisms

The overall reaction (better known as stoichiometric reaction) describes the molar ratios
between a reactant and its products. (10) These stoichiometric reactions however are very rare
in real chemistry. In most reaction systems an intermediary species is formed. These
intermediate species can react with each other or the reactants in order to produce further
intermediates or the final products. All of these individual intermediary reactions are the so-
called elementary reactions (which refers to reaction where no macroscopic intermediate
species is observed between reactants and products.) The reaction systems with intermediary
reactions are called the reaction mechanism. (10) For a given reaction mechanism the number
of elementary reaction steps mechanism can typically range from ten to several ten thousands.
This depends on many factors like the chemical process itself, the reaction conditions and the
needed accuracy of the chemical kinetic model. A kinetic reaction mechanism includes the
stoichiometric equations and the corresponding rate coefficient for each of the steps.

Activation energy

The activation energy E, of an arbitrary reaction is the energy needed to move from the
starting configuration to the product. (11) It comes from the fact that the bonds of an initial
molecule need to be split before a reaction can take place. It can be defined as a function of
the reaction coordinate. The same principle also applies to the reverse reaction E,.. The peak
of the energy profile is the so-called transition state (activated complex).

ENDOTHERMIC REACTION

A Activated
complex

Threshold
energy

Energy
m

o
=

E,(b)

PE|R

Process of reaction

Figure 4 Example of an energy profile for an arbitrary reaction, [Source: (11)]
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Reaction rates, Arrhenius equation and reaction order

The reaction rate of a reaction is the change in product (yield) with respect to a given time. (10)
The reaction rate for a given reaction with the species A, B, C, D and their according
stoichiometric coefficient (a, b, ¢, d) can be expressed as:

aA + bB - cC + dD [27]
~1 dlA] -1 d[B] 1 d[c] 1 d[D]

- % — = % —— = % = — % [28]
a dt b dt c dt d dt

The reaction rate can also be given as a function of the rate coefficient k where the terms in
square brackets stand for the concentration of the species.

r=k; » [A]™ % [B]" — k, » [C]P = [D]? [29]

kfand ky are the forward and reverse reaction coefficients. In the case of an irreversible reaction
this can be written as:

r =k * [A]™ * [B]" (30]

The exponents for a given species are called the reaction orders. The sum of all reaction orders
determines the overall reaction order. For elementary reaction the reaction order is always the
stoichiometric coefficient (called the mass action principle), whereas the reaction order for the
overall reaction is usually not equal to the stoichiometric coefficients and has to be found
empirically. This is due to the fact that intermediate species are formed. The rate coefficient is
independent in terms of concentrations but may be dependent on temperature and pressure.
For both cases special equations have been found with the most common one being the
Arrhenius equation for the temperature dependent rate equation.

E
k =Ax*exp <— 2 *aT) (31]

Where A is the so-called pre-exponential factor, E, is the activation energy for the reaction, R
is the gas constant and T is the temperature. In high temperature gas phase systems the rate
constant is usually described with the modified Arrhenius equation.

E
k=AxTP xexp|———= [32]
PAUTR=T

B is called the temperature exponent but E is no longer the activation energy and A is not the
same as in the original Arrhenius equation.

As stated above the elementary reactions follow the mass action principle which means the
kinetic system can be expressed as a set of ordinary differential equation.

12



d[y;
Wl _ Zv” s1,  j=12,..,Ns [33]

With v; being the stoichiometric coefficient of a given species and ri being the reaction rate of
a given reaction and Ns being the number of species. For every species in the reaction system
there is an equation of ODE to solve. With these all being coupled they can be solved
simultaneously.

Surprisingly for large chemical reaction systems the production rate of a reactant or final
product of the overall chemical reaction may depend to a large extend on the rate coefficient
of a single reaction step. (10) This is the so-called rate-determining step. There are several rate
determining steps in CVD but the most important are the mass transport and the surface
kinetics. (2) If it’s the case that the mass transport through the boundary layer is sufficiently
high the surface reactions mainly control the overall rate of the system.

For the construction a chemical reaction mechanism, it is necessary to provide data on the
thermodynamics and reaction kinetics parameters for the different species and reaction steps.
(10) The biggest part of chemical kinetics is the determination of such parameters via a variety
of methods such as functional fitting to experiments, theoretical calculations based on
quantum chemistry, transition state theory, approximations using thermochemical rules and
the use of the structure reactivity approach. In quantum chemistry, the chemical kinetics can
be obtained by the means of transition state theory. (12) (13) Simpler models of TST adopt the
idea that the formation of a transition state is the limiting step for the reaction rate. If
experimental data is available one can simulate the system and fit the reaction rates of the
given system. Even though this approach appears to be simple it can be quite difficult and
tedious especially for large systems or if the experimental data does not describe the whole
process. E.g. for some simulations, it might be enough to simply fit data to a growth rate,
however for more advanced simulations full knowledge should be available regarding inflow of
gas and measuring the chemistry of the outflowing gas. In some cases even microstructural
data must be present.

1.2.2 Basic concepts used in Ansys Chemkin

To foreshadow the methodology, all computational fluid dynamics/ reacting flow analysis were
performed with the chemical kinetics (Chemkin) software package from Ansys. (14) Ansys
Chemkin enables to simulating complex chemical (flow) reaction systems. It includes a
framework for a lot of reacting flow systems (this also includes CVD systems) which makes it a
good option for the simulation at a reactor scale and maybe to obtain some new information
about the chemical kinetics and thermodynamics of the systems of interest. Please take notice
that all information below in the remaining chapter was drawn from the two manuals given by
ref. (6) and (15). There are several reactor models which can be simulated just to name a few
important once for our use case: the perfectly stirred reactor (PSR), Stagnation flow and
spinning disk reactors, Equilibrium simulation and mechanism analyzer. Besides chemically
reacting flow models, Chemkin can be used to model chemical equilibria. The model
determines the chemical state of the mixture under equilibrium conditions where any gas
phase and bulk species may be considered. Surface species on the other hand are not
considered. The Chemkin code uses an elemental potential method which is embodied in the
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Stanjan software package. The model determines the phase/composition equilibrium. The
output is only influenced by the starting compositions and conditions as well as the
thermodynamic properties of a given species in the input file. The starting composition gives
the relative ratios of the elements in the system. It is assumed that all gases mixtures are ideal
and the bulk phases are ideal solutions. There are different ways to specify the important state
parameters such as temperature, pressure, volume, enthalpy and entropy. Species may also be
set as fixed points. Continuations may be used to link results from a previous calculation and
use them as starting points for the new one. The approach for the elemental potential method
of thermodynamic equilibria is to minimize the Gibbs free energy. The Gibbs function for a given
system can be written as:

K
G= z 9, Ni [34]

Where ykis the partial molal Gibbs function and N is the number of moles for a given species.
In ideal systems the partial molar Gibbs function is given by the following equation:

g, = 9k(T,p) + RT = X;In (X;) (35]

The equilibrium solution is given by the distribution of Nx that minimizes the systems Gibbs
function at the given pressure and temperature. The atomic population constraint is given by
the equation:

K

k=1

N is the number of the atom j in the molecule k, p; is the total population of j in the system
and M is the total number of different elements.

The perfectly stirred reactor (PSR) is a zero-dimensional reactor system. This in turn means
contents are assumed to be nearly spatially uniform due to strong turbulent mixing and/or high
diffusion rates. Therefore the conversion of educts to products is only controlled by chemical
kinetics and not by mass transport/mixing. A good use case for this approximation low pressure
systems, in which the diffusion is dominant. This holds true for low pressure CVD systems and
plasma etching reactors. The benefit of this reactor type is its low computational demands,
which in turn allows for larger (more complex) systems to be analyzed. For a well-mixed reactor,
all the conservation equations need to be fulfilled, this includes conservation of mass, energy
and species (elements). The actual equations solved can be found in (6 S. 91-105).

Thermodynamic databases

”

There are four main input files which are called “the thermodynamic input file”, “the gas-phase
kinetic input file”, “the surface kinetic input file” and “the gas transport input file”. Regarding
the thermodynamic input file, every chemical species that appears in simulation needs
associated thermodynamical data. The thermodynamic data includes the standard enthalpy of

formation, the standard entropies at 298 Kelvin and the specific heat capacity. Thermodynamic
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data may be extracted from a thermodynamical data base (e.g. therm.dat or therm_nasa.dat
which are included in the Chemkin-Pro package), or they might be stated in the gas-phase
kinetic file or in the surface kinetic file. The thermodynamic data is at default written in a slightly
modified format of the Nasa-7 format proposed by Gordon and McBride for the
Thermodynamic Database in the NASA Chemical Equilibrium code. With that said the Ansys
Chemkin software accepts the Nasa-9 format which allows for bigger molecules, more than two
different temperature ranges and different midpoint fits.

Standard state thermodynamic properties

The Chemkin software assumes that the standard state thermodynamic properties only rely on
the temperature and can therefore as stated above represented by polynomials.

Specific heat capacity at constant pressure:

0 M
Cox 1
o) ament &
m=1

With amk being the coefficients of polynomial fitting.

Molar enthalpy in the standard state is given as:
Tk
HY = f cpi * dT + HE(0) (38]
0]

And therefore the polynomial fit can be expressed as:

M
o m-—1
Hy Z i * T n AM+1,k

[39]
R * Ty m T

m=1

Where am:1k*R is the standard heat of formation at OK but it is usually evaluated from the
standard heat of formation at 298K.

Molar entropy at its standard state can be by the following expression:

TkCO*
sng ’”T +dT + S2(0) [40]
2

98

Which can be written in polynomial form as:

SO M a X *Tkm—l

k m

? = Qg * ll’l(Tk) + z W + aM+2,k [41]
=2

Where the integration constant ams:2k can be calculated from the standard state entropy at
298K.
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All of the above equations can be used for any order of polynomial but the default for Chemkin
is as stated above in the form of the Nasa chemical equilibrium code, i.e. that the polynomial is
evaluated at M=5 (or Nasa 7).

The gas-phase kinetics input file contains information on the elements, species,
thermodynamic data, real gas data, transport data for gaseous species and the reaction
mechanism with the related kinetic data. Each species in a reaction mechanism must only be
composed of elements or isotopes of elements that need to be specified. All chemical species
used in the simulation have to be identified in the species line. The reaction mechanism section
may consist of any number of chemical reactions involving the species from the species data.
These reactions can either be reversible or irreversible and they may involve a wide variety of
effects. These effects include a third body reaction, pressure dependent reactions or photon
absorption and emission. Every reaction entry line is divided into two fields, with one being the
symbolic description of the reaction itself and the second one being the Arrhenius coefficients
for the description of the chemical kinetics.

Many chemical processes (including CVD) contain reaction at the interface between the solid
and gas. For the symbolic description of the surface chemistry reaction mechanism one needs
to provide a surface kinetics input file. This input file encompasses all information about surface
sites, surface species, bulk phases, bulk species, thermodynamic data, and the reaction
mechanism. The default formulation for the reaction mechanism is the assumption of
elementary reactions that follow the mass action principle but also global reactions can be
specified with an arbitrary reaction order. It is also possible to use Langmuir-Hinshelwood or
Eley-Rideal rate expressions. It is possible to include completely different surface mechanisms
in one surface chemistry input file with the utilization different materials. All surface species
exist on sites and therefore a site has to be specified. The site data starts with the keyword SIDE
followed by the optional name, the surface density starting with the keyword SDEN and with
the value the site density in moles per cm?. The species that reside on these sites are specified
by the species names which can be written in the same line or in additional ones. Every species
is followed by the site occupancy number for the given species. The bulk data set may consist
of one or more condensed phase species. For a species k the net production rates can be
represented as the sum of all production rates for all reactions where k is involved. This is
illustrated by the following equation:

I

Sk = Z Uki * g [42]

i=1

As already discussed above, the stoichiometric coefficients can be non-integers for gas-phase
species. The reaction rates for surface reactions are given in Arrhenius form. However as stated
above the reverse reaction rates can be related to the forward reaction rates via the equilibrium
constant. For surface reaction, both the surface states and the gas-phase state must be
considered for the calculation of the equilibrium constant. Therefore the following expression
can be derived:
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With n being the site type, Pam being the atmospheric pressure and I'? being the standard state
site density for the species n. When solving chemically reacting-flow problems, chemical
processes are often balanced by mass transport due to convection, diffusion and/or
conduction. In many important cases, transport of species and energy can become the rate
limiting factor. Determining the molecular transport properties in a multicomponent gaseous
mixture requires the measurement or calculation of diffusion coefficients, viscosities, thermal
conductivities. Although evaluation of pure species properties follows standard kinetic theory
expressions, one can choose from a range of possibilities for evaluating mixture properties. Gas
mixture properties can be obtained from pure species properties via certain approximate
mixture averaging rules. The input parameters for the mixture averaging calculations in
Chemkin are:

e Anindex which describes if a molecule is monatomic, linear or nonlinear. If the index is
0, the molecule is a single atom. If the index is 1 the molecule is linear, and if it is 2, the
molecule is nonlinear.

e The Lennard-Jones potential well depth in Kelvins.

e The Lennard-Jones collision diameter in angstroms.

e The dipole moment in Debye.

e The polarizability in cubic angstroms.

e The rotational relaxation collision number at 298 K.
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1.3 Theory of atomistic (ab-initio) modelling

1.3.1 The Hartree Fock method (HF)

The Hartree-Fock method is describing a wave function in terms of the product of one electron
spin orbitals. (16) (17)

YO wm) = X <X ok x(), B = ) By 44)

The one electron wave functions are called spin orbitals. In order calculate these spin orbitals
with a computer, they need to be defined using a finite number of functions that will be added
together to approximate exact spin orbitals. This can be written as:

K

)(j(r) = Zai'j * ¢;(r), iel. K, jeE1..N [45]

i=1

This set of functions ¢;(r) is called the basis set (more to this later on). a;; is called the
expansion coefficient. The wave function in this method is constructed by Slater determinant
for a many body system with N electrons which can be expressed as:

x1(r)  x2(r) o xn()
Wy, Ty o 1y) = \/%* )(1(57"2) )(2(57”2) XNETZ) [46]
. xi(rw)  x2(rw) o xw(rw)

A Hartree-Fock calculation is set up in the following manner where equ. 47 is the Hartree-Fock
equation:

Fxi(x;) = €xi(x1) (47]

With F the Fock operator:

F=he) + ) i) = Ki(x)) (48]

P in this case refers to a specific electron in the system. F(p) are the so called Fock-operators.
When it comes to the HF equation h(p) is the one electron operator with respect to the kinetic
and nucleus-electron attraction. J(x;) is the so-called Coulomb operator and K(xy) is the
exchange operator. In order to obtain the HF-Energy one needs to calculate the eigenvalues
€; of the expression 46. This leads to the following equation in Dirac notation:

occ

10CC
Byp = ) =5 ) <ijllji > 49)
i i
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In this case < ij||ji > denotes a special scalar product which is e.g. explained in ref. (18).

Extensions to HF (post Hartree-Fock)

Post Hartree-Fock methods rely on a single reference determinant (Slater determinant). (19)
There are a lot of those methods with the most prominent being the coupled cluster (CC) and
the Moller Plesset perturbation theory MP (more on those two later).

1.3.2 Density functional theory (DFT)

Density functional theory is useful tool for modern day quantum chemistry analysis. (20) (21)
With DFT it is possible to evaluate stable molecule and solid-state geometries and it is possible
calculate thermodynamic, electronic and material properties and interatomic/intermolecular
potential. It is also possible to predict the feasibility of a reaction and its reaction rate using
transition states (Saddle points in the potential energy surface). The main concept of DFT is to
calculate the electron density of a many body system. The idea was built around two theorems
of Kohn and Hohenberg. (22) With an energy minimization approach in the exchange
correlation functional in mind the Kohn-Sham (KS) equations were derived. (20) (21)

h

|57 + V) + V() + Ve | 100 = etpi) 50

This equation only depends on one three-dimensional spatial variable. The first potential on
the left side V(r) describes the interaction between the electrons and the atomic nuclei. The
second one is the Hartree potential and it is used to describe the Coulomb repulsion of an
electron (in one Kohn Sham equation) and the electron density caused by all electrons in the
system. This however leads to the problem self-interaction which. The self-interaction comes
from the fact that the electron that is described in the equation is also contributing to the
electron density. The Hartree potential can be written as:

n(r")

d3r' [51]
lr — 7’|

Vi(r) = e x

The correctional term for this problem is lumped together with descriptions of other effects to
define the exchange-correlation potential (V) which can written in a derivative form:

_ 0B, () 2
¥ an(r)

The formulation of appropriate exchange-correlation functionals has been a large theoretical
effort. (23) There are several approach for different functionals. One is local density
approximation (LDA) where it is assumed that there is a uniform electron gas. In this case the
electron density is constant so the functional can be exactly derived. There are also other
functionals like the generalized gradient approximations (GGA), which uses information on the
local electron density). More details on hybrid functionals can be found in the “Hybrid
functionals”.

In order to solve the Kohn Sham equations an iterative procedure is chosen. This includes four
basic steps:
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1. Define an initial “guess” for the electron density n(r)

2. For this initial guess solve the KS equation and solve for the single particle wave

functions

From this single particle wave function calculate the electron density ngs(r)

4. If this electron density is equal to the initially guessed the ground state electron density
is reached (The KS equation is self-consistent) and it can be used to calculate. If that is
not the case then the “initial guess” must be updated and the procedure starts again.

w

1.3.3 Basis sets

The basis sets in DFT and HF calculations are used to describe the el. wave function. (24) (25)
This is needed in order to solve the partial differential equations using computational methods.
When using basis sets the orbitals are converted to a linear combination of basis functions.
There are many types of orbitals which are usually split into plane wave-based sets and atomic
orbital. The first one is mostly used in modelling solids. The atomic orbitals can be further
divided into Slater-Type orbitals (STO), Gaussian-Type orbitals, on which we will mainly focus,
and other mostly numerical based methods. The Pople basis sets are among the most used
Gaussian basis sets today. These were developed with the thought in mind that mostly valence
electrons contribute to the formation of bonds. As a consequence, basis sets with multiple
functions corresponding to each valence atomic orbital were created. These basis sets are
named after the number of functions for each orbital, i.e. double, triple and quadruple zeta.
Each Pople basis set is named by a number to describe the count of primitive Gaussian functions
for each core atomic orbital. This is followed by a few variables where each corresponds to the
basis functions used to describe the valence atomic orbital (with the quantity of variables
describing doubles, triples, quadruples etc.). One or more pluses specify the addition of one or
more diffuse functions and the same goes for asterisks but with polarization functions. For
more detailed information see (24) and (25). The correlational consistent basis sets are the
most used besides the ones created by Pople. The reason for this is that these basis sets were
designed to converge post HF methods. These methods, however, are too elaborate to
profoundly cover in this thesis. Thus, it is recommended to examine the information given in
references (26) (27) (28) (29) (30) (31) (32) (33) .

1.3.4 Hybrid functionals

Hybrid functionals are constructed as a combination of exact Hartree Fock exchange functionals
and exchange and correlation density functionals. (34) (35) (36) One of this functionals is B3LYP,
which stands for Becke, three parameter, Lee-Yang-Paar. In this case the Becke is a reference
to the Becke88 exchange functional. Lee Yang and Paar on the other hand developed the
correlation functional. The exchange functional follows the form:

EBMP = (1 — a)EySPA + aEffF + bAEZ + (1 — ©)EFPA + cEF'F [53]

Where a and b are constants, c includes a generalized gradient approximation (GGA), ELSP4
and ELSP4 are exchange/correlational functionals using a local spin density approximation, EHF
is the Hartree Fock exchange functional, EZ is the Becke88 exchange functional and EXYP is the
Lee-Yang-Paar correlational functional.
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1.3.5 Moller Plesset Perturbation Theory (MPPT)

The MPPT is an extensively used method for the calculating approximation for the correlational
energy. (37) Each MPPT approach has a number assigned to it determining the order of
perturbation theory. The second order (level 2) Moller Plesset perturbation theory (MP2) is one
of the most easily manageable and useful methods. Also the fourth order MPPT (MP4) is used
a lot in thermochemical composite methods like G3 and G4. In MPPT a small perturbation is
added to the unperturbed Hamiltonian operator, this approach is known in a general sense as
a Rayleigh-Schrodinger perturbation theory. This can be written as:

H=Hy+ A%V [54]
With:
HO = z F(p) = z h(p) + z[li(p) — K;(p)] [55]
D D pi

In this case, A is a real number parameter, Hyis the unperturbed Hamiltonian operator obtained
by summing over all Fock-operators and V is the perturbation operator. What distinguishes the
MPPT from other perturbation theories is that it starts the perturbation expansion using an HF
calculation. Therefore, the zeroth order wave function is given by the sum of Fock operators.
This is expressed by the two equations 46 and 47. When using the perturbation operator V, the
first correctional energy results as:

1 0 0 1 .. e
Ehp =< 9°IVIg® > = =2+ ) <ijllji > 156)
i,j

Therefore, the first order correlational energy correction (MP1 energy) is equal to the HF
energy which is expressed by:

occ

1 occ
Ehp = e = ) e—5 ) <ijllji > 57)
i i

In this case i and j are the occupied orbitals. The second order correlational energy correction
(MP2 energy) is described by the expression below:

Vos * Vso
EO - Es

s>0

Eyp = (58]

If the Slater-Condon rule is used, the second order correction equates to the mathematical

statement beneath:

occ vir

1 _
EZp =Zzz < ijllab > aff with aff = (e;+¢ —€,—€p) ' < ablij > [59]
i,j ab
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Where i and j are once again the the occupied orbitals and a and b are the “virtual” orbitals.
a?jb is the D excitation amplitude and €;, €;, €, and €, are the orbital energies. For the
description of higher versions of MPn theory look at ref. (37).

1.3.6  Coupled cluster methods (CC)

The coupled cluster method develops a multi-electron wave function from basic HF molecular
orbitals. (38) (39) (40) This is done by creating an exponential cluster operator to consider the
electron correlation. The wave function in CC is expressed by an exponential ansatz which is
written as:

¥ > = el|®o, > [60]
In this case, T stands for the cluster operator which takes the form below, |®, >

is the reference wave function which is typically determent using a Slater-determinant from
HF-MO.

T=T,+T,+T;.. [61]
With:
1 il..in ,al,a2 n
T, = ehE % tora*ta* atap, .- appai [62]

il..inal..an

The number stands for the excitation states, therefore the number one is used to express single
excitations (which means T1, it is therefore the operator of all single excitations), the number
two stands for double excitations, etc. In the expression a® and a; are creation and annihilation
operators, the index i stands for the occupied orbitals while the index a stands for unoccupied
orbitals. t are the unknown coefficients which need to be solved for. The Schrédinger equation
for the CC method is formulated in the following manner:

Hll‘po >= Hequ)o >= EeTcho > [63]

The name for different types of CC methods is given by the letter CC as well as S, D, T and Q
which respectively stands for singles, doubles, triples and quadruples. For perturbation theory-
based calculations terms in round brackets are being used, e.g. the CCSD(T) stands for singles
and doubles using the CC method and triples utilizing many-body perturbation theory.

1.3.7 Calculation of frequencies

Vibrational frequencies (modes) are acquired by analysis of the Hessian matrix being the matrix
form of the second derivative of the energy with respect to geometry. (41) (42)
Each element of the Hessian matrix can be written as:

B 8%E
L Ox;6x;

[64]
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For the analysis with regards to the vibrational frequencies, mass needs to be added to the
system which is done by:

pm = i

Y M+ M

[65]

M; and M;are the atomic weights in amu. Matrix diagonalization gives back the eigenvalues ¢;
which can be used to calculate the vibrational frequencies v. The modes are then computed by
means of:

v=l=l. g /66)

In this formula c is the speed of light. The vibrational frequencies are given in inverse
centimeters because of spectroscopy conventions.

1.3.8 Calculation of thermodynamic properties in ab initio (Rigid rotor harmonic oscillator)

As a mean to calculate thermodynamic properties using ab initio quantum chemistry
calculations, statistical thermodynamics are needed to convert the molecular energy levels into
useful thermodynamic data. (12) These molecular energy levels originate from a molecule’s
translation, rotation, vibration and electronic excitation. This represents the molecule’s
spectroscopy. The results always need to be corrected based on temperature and molecular
spectroscopy. This is achieved using the molecular partition function Q, which is calculated
from the molecular energy levels €;.

QM) =) exp (—5) 67)

Usually the lowest energy level in the system represents the energy level zero. This means there
are no negative energy levels. There are four important equations linking the thermodynamic
properties with the partition function.

0
S(T)=NA*k*[ﬁ(T*ln(Q)—ln(NA)+1 (68]
2
c,,(T)=NA*k*T*aT2(T*1n(Q)) (69]
cp(T) =c, + R [70]
H(T Hy| = ' dT—R*TZ 99 RT 71
1) = Ho) = | epdT = =G+ S5 71
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In this case S is entropy, ¢, is the heat capacity at constant volume, ¢, is the heat capacity at
constant pressure, Ny is the Avogadro constant and k is the Boltzmann constant. However most
times the complete set of energy levels is not available therefore it is approximated that
translation, rotation vibration and excitation are all unaffected by each other. This in turn
means the partition function can be separated into the four parts.

Q = QuibQrot QtransQet [72]

Translational partition function and thermodynamic function

The translational partition function is approximated using an integral over all translational
energy levels. (12) This results in the following equations:

RxT
Qtrans = @ *xmxm+k *xT)?3 x h=3 xV where V = [73]
3 5 5

Strans = R [E *In(2*m*mxh"?%) + > In(k *T) — In(p) + 3 [74]
5

Cptrans = SR [75]
’ 2

5
[H(T) - Ho]trans =R [76]

2

In this case m is the weight of the molecule in amu, h is the Planck constant and p is the
pressure.

Rotational partition function and thermodynamic function

The rotation of a rigid molecule is a quantized property. (12) The rotational spectra are
characterized by three constant which are given with the formulas:

_h B h c h
= —2, = —2, = —2'
8 *xmel, 8 xmely 8*xmel, (7]
with the convention that Iy < Iz < I,
Where the I's are the (principal) moments of inertia. With that we obtain the following
equations for linear and nonlinear molecules:
8 * 12 3 1
Qrot =73 * (2*m*k*T)2* (I4lplc)? [78]
3 k*T 1 A*Bx*C 3
SmtzR*[E*ln< - )_E*IH<T)_IH(G)+§] [79]

24



3
Cp,rot = E * R [80]

3
[H(T) — Holyor = S*R+T [81]

8xm2x[xkx*xT

linear _

rot - o * hz [82]

linear _ kxT
St =R x [ln (a—) + 1]

xhxB (83]
Cprot’ =R [84]
[H(T) — Hol“5e®" = R+ T [85]

In this case o is the so-called external symmetry number which depends on the symmetry
(point group) of the molecule.

Vibrational partition function and thermodynamic function

For a molecule with N atoms there are N-6 molecular frequencies (modes) that need to be
considered. (12) If the molecule is linear then there are N-5 frequencies that need to be
considered. The according thermodynamic functions are:

1
Quip = 1_[ | exp (_ 1;(1, :7}«1) [86]

' ' " kT

v; *xh
vi*xh vi*xh exp(——k*T)
Svin—R*Zln 1—exp<—k*T) +R*zk*T* ", 87]
- - <1—€Xp( Vi ))

v; xh
v; * hy? EXP\" L *T
valb_R z< ) ( - )

T (e ) h
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i kT <1 ~exp (_ %)> [89]

Electronic partition function and thermodynamic function

[H(T) — Holyip =R+ T *

Most molecules don’t have low-lying electronic excitation states. (12) Some however have
degenerate ground state. The degeneracy or multiplicity (g) is therefore the most important
quantity in the determination of el. partition and thermodynamic functions. The el. partition
and thermodynamic functions are therefore given by the following equations:

Qe = z 9gi * exp (— kii T) [90]
€; €;
S, =R+n (Z g; % eXp (_kiiT)) R X gi * exp (_k *lT)E* (k *lT) [91]

)

o (FeeeCED G\
L9+ ew (- 5iy) Lo+ (~o7)

2 gi *eXp(_kiiT)*(kiiT)
S

1.3.9 Obtaining enthalpies of formation using ab initio

% (i

[H(T) — Holer =R+ T * [93]

It is not a trivial task to calculate enthalpies of formation using ab initio methods but there are
several standard approaches. One of those is the method described by (43) which we will refer
to as the energy approach. For this method every enthalpy of formation of every other species
besides the species of interest must be known. First, the total energy for each species is
calculated using the same ab initio method and basis set. Then, the reaction energy is calculated
by multiplying each of the total energies with their according stoichiometric coefficients and
then adding them up for the product species as well as subtracting the ones from the reactants.
The next method is the so-called quantum chemistry composite method. (44) (45) In this
approach, several different calculations using a higher-level of theory with smaller basis sets as
well as lower-level theories with larger basis sets are being combined. This approach aims for a
high chemical accuracy. The two most common methods are the G3/G3MP2 and the G4/G4x6.
Other used methods are the ccCA-S4 method and the ccCA-CC(2,3) method. The G3 procedure
includes the following steps:

e An MP2/6-31G(d) geometry optimization

e (Quadratic configuration interaction (QCISD(T)/6-31G(d)), MP2 and MP4 calculations

e An MP4/6-31G(2df,p) calculation for the evaluation of the effects of polarization
functions

e An MP4/6-31+G(d,p) calculation for the evaluation of the effect of the diffuse functions
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e MP2 calculation using large basis set called G3large

e An HF/6-31G(d) geometry optimization
An HF/6-31G(d) calculation for the determination of the ZPVE (zero-point vibrational

energy)

In the end, the various energy changes are added together to the combined energy.
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1.4  Aluminum (I1)-Nitride (AIN) from AICls, H>, and NH3

Aluminum nitride coating are used in many electronic applications such as high energy
electronics. (46) (47) This is because of their thermal conductivity and low thermal expansion
coefficient. Aluminum nitride crystallizes in a wurtzite crystal structure (P 63 m c). The CVD
process of AIN in the AICl3-H,-NHs system is performed using temperatures between 700 and
1500K with working pressures between 10 to 50 Torr.

Description of the reaction mechanism

The reaction mechanism consisting of 11 gas phase and 4 surface reaction were developed
previously. (47) The surface reactions were originally proposed in ref. (48). Most of the gas
phase reactions were developed for combustion systems and can be reused for CVD. The table
below gives a representation of the reactions taking place and the according Arrhenius

parameters.
Reaction mechanism for the AIN-CVD system
Surface Reaction

Reaction nr. Reaction a B E./R
S1 AICl; + N(S) = N(B) + A(S) + Cl, + Cl 1,59E+08 0,5 8654
S2 AI(S) + NH; = Al(B) + N(S)+ H + H, 4,45E+08 0,5 7700
S3 AICI,NH, + AI(S) = AI(B) + N(S) + 2 HClI 1,72E+08 0,5 5100
S4 AICI;NH, + N(S) - N(B) + Al(S) + 2 HCI 1,72E+08 0,5 5100

Gas phase reactions

Reaction nr. Reaction a B E./R
G1 AlICl;3 + NH; = AICI,NH, + HCl 4,21E+13 0 4198
G2 H+Cl+M - HCl +M 7.20E+21 -2 0
G3 A+Cc+M->C+M 2.00E+14 0 -901
G4 H+ HCl - Cl + H, 1.69E+13 0 2082
G5 Cl, + H- Cl + HCl 8.60E+13 0 590
G6 H+H+H,->H,+H, 9,70E+16 -0,6 0
G7 Hb+M—>2H+M 2,20E+14 0 48365
G8 HC+M > H+Cl +M 7,90E+25 -3 53589
G9 Cl+H,—> H+HC 2,95E+13 0 2567
G10 Hy+H, > H+ H+ H, 8,80E+14 0 48364
G11 2H+M > H,+ M 6,53E+17 -1 0

Table 1 Reaction mechanism of the AIN CVD system ©

Thermodynamics of the AlICl3-H,-NH3 system

The thermodynamics of the AIN-CVD system were analyzed in the ref. (47) and the resulting

graph is:
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Figure 5 Equilibrium molar fraction of the TiN CVD system

The graph shows that aluminum-trichloride is the most stable form of aluminum-chloride in the
for CVD reasonable temperature ranges (Therefore has the highest equilibrium molar
fractions). Furthermore, the most stable compound formed with ammonia is AICI;NH,.
However, keep in mind that these graphs only consider equilibrium conditions. For most CVD
processes the conditions are far from equilibrium and are mostly determined by reaction
kinetics but the equilibrium calculations can still be seen as a first indicator toward a working
CVD process especially for high temperature CVD (thermodynamical regime).
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1.5 Titanium (llI)-Nitride (TiN) from TiCl4, H2 and NH3

Because of their high hardness, good chemical/thermal stability and excellent thermal and
electrical conductivity TiN thin films (coatings) are widely used in machining and forming tools
as well as diffusion barriers in microelectronics. (49) (50) (51) They are produced either by PVD
or CVD. When it comes to the production via CVD usually a system is used, that consists of the
gases TiCls, Hy and NHs or TiCls, H, and N,. The CVD with NHs in the system is usually carried
out between 323K and 1900K and a pressure between 1-50 Torr. The CVD system with the N3
on the other hand needs a more specific temperatures ranging from 900 to 1200°C.

Description of the reaction mechanism

The reaction mechanism used for simulations was first proposed by (52) and was later reduced
by (50). For a more realistic deposition rate, we considered additionally an unreactive complex
formation proposed by (49). The upcoming table gives an overview of the considered reactions
in the TiCls-H,-NHs system and the corresponding Arrhenius parameters. Also a feature of this
system worth mentioning is the transition of the oxidation state from (IV) in TiCla to (lll) in TiN.

Reaction mechanism for the TiN-CVD system

Surface Reaction

Reaction nr. Reaction a B E./R
s1 TiCl3 + NH,(S) = N(B) + TiCl,(S) + HCI 1,00E+14 0,5 4900
2 TiCl, + NH,(S) = N(B) + TiCl5(S) + HCl 1,00E+14 0,5 4900
s3 TiCl5(S) + NHs = Ti(B) + NH(S)+ HCl + Cl,  2,40E+11 0,5 4900
s4 TiCly(S) + NHs > Ti(B) + NH,(S)+ HCl + 0,5 Cl,  2,40E+11 0,5 4900

Gas phase reactions

Reaction nr. Reaction a B E.
G1 TiCl, - TiCl;+ Cl 2,32E+20 -1,17 387,9
G2 TiCl; = TiCl, + Cl 1,02E+18 -0,742 422,6
G3 TiCl, = TiCl + Cl 3,65E+20 -1,06 509,6
G4 TiCl, + H=> TiCl; + HCl 5,11E+06 2,5 12,6
G5 TiCl; + H=> TiCl, + HCl 1,11E+06 2,5 33,5
G6 TiCl, + H=> TiCl + HCl 3,05E+06 2,5 145,2
G7 TiCl + H> Ti+ HCl 4,09E+05 2,5 24,7
G8 H+Cl+M - HCl +M 7,20E+21 -2 0
G9 HC+M—=>H+C+M 7,90E+25 -3 445,6
G10 A+C+M->ClL+M 2,00E+14 0 7,5
G1l1 H+HCl - Cl+H, 1,69E+13 0 17,2
G12 Cl+H, > H+ HCl 2,95E+13 0 21,3
G13 Cl, + H-> Cl + HCl 8,60E+13 0 5
G1l4 H+H+H,->H, +H, 9,70E+16 -0,6 0
G15 Hy+M—>2H+M 2,20E+14 0 402,1
G16 TiCl, + 2 NH; > TiCl,(NH3), 1,75E+18 0 38,2
G17 H+H+M->H,+ M 6,53E+17 -1 0

Table 2 Reaction mechanism of the TiN CVD system ©
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Thermodynamics of the TiCls-H>-NH3 system

The thermodynamic simulations which are seen below are taken from (53).
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Figure 6 Equilibrium molar fraction of the TiN CVD system

3loN

The graph indicates that in reasonable temperature range for TiN deposition TiClz is the
dominant species in equilibrium. Unfortunately however in this graph no complex/compound

formation with ammonia was considered.
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1.6 Titanium-Aluminum-Nitride (TixAl;.xN) from TiCls, AICl3, H, and NH3

Although titanium-aluminum-nitride is the main focus of this thesis, very little is known about
the reactions taking place in the system, i.e. there is no agreed upon reaction mechanism. (54)
(55) (56) (57) (58) (59) The interest in this topic, however, yields from the properties of the thin
films created by CVD. Mainly the phase stability and the microstructure have been analyzed. In
the microstructural studies, chemically periodic gradients have been discovered. The same
studies also suggest that there are self-organized micro-lamellar structures. It is shown that the
lamella periodicity predominantly depends on the pressure during the deposition process.
Firstly, it was suggested that spinodal decomposition was the cause for the formation of these
characteristics but this has been disproven by the same group. Both of these features can be
seen in the images below.

Figure 7 TIALN microstructure with lamella periodicity [Source: (60)]
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Figure 8 Chemical composition of a TiAIN system using atom probe tomography [Source: (61)]
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2 Methodology

2.1 Ab Initio calculations

Ab initio calculations were performed in order to find thermodynamic, thermochemical and
transport properties of different molecules. All ab initio calculations were performed using the
GAMESS software package (62), which is an open-source software. (63) GAMESS offers many
different ab initio models, which includes DFT, MP, CC, molecular dynamics and even some
Monte Carlo methods. All molecule designs and all the input files for GAMESS were created
using Avogadro software, which is also open source.

2.1.1 Geometry optimization

The geometry of each of the molecules is optimized with different basis-sets (3-21G, 6-31G, 6-
31G* with both the B3LYP (DFT) Methods as well as Moller Plesset perturbation theory (MP2))
and if available compared to the CCCBDB Database. The SCF type used for all calculations is
open shell restricted Hartree Fock (ROHF).

2.1.2  Vibrational analysis and thermochemistry

The analysis of the vibrational frequencies is performed using the same basis sets as for the
geometry optimization. The vibrational frequencies were used in order to calculate the
thermochemical properties including the standard state entropy (S(T)), the heat capacity
(Cp(T)), the integrated heat (H(T)-HO) and the Gibbs free energy (G(T)). This is done utilizing the
rigid rotator harmonic oscillator approximation derived from the different partition functions
(translational, rotational, vibrational and electronic) as described in the introduction. In the
simulations no symmetry is used which means the rotational entropy must be corrected by
hand using the equation 79. Also the vibrational components of the integrated heat capacity
need to be recalculated (equation 89) because GAMESS uses wrong frequencies.

2.1.3 Calculating enthalpies of formation (Composite thermochemistry methods)

In order to obtain the enthalpies of formation, various approaches are tried including the
G3MP2 method for the aluminum compounds as well as the “energy approach” utilizing a
MP2/6-31* level of theory for the titanium compounds. This is done because the G3MP2
method does not support the transition metals.

2.1.4 Dipole moments and polarizability

Both the dipole moments and polarizability were calculated using the B3LYP/6-31G* method.
Using GAMESS, the dipole moments were analyzed during a run with the run type “energy” and
including the group/input SELMOM |IEMOM=1 WHERE=COMASS SEND. This method
determines the directional dipole moments in the center of mass and for each Cartesian
coordinate although as a transport property, only the radial dipole moments are needed. This,
in turn, means that the directional dipole moments need to be averaged. For the polarizability,
“FFIELD” calculation was performed. While using this sort of calculation, the most common
method is the finite field which allows the study of linear polarizabilities and the second order
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hyperpolarizabilities. Large basis sets and high accuracy of the wavefunctions are needed for
accurate finite field calculations which is the reason why the accuracy recommendations from
(64) are implemented.

2.1.5 Fitting the data to Nasa-Polynomials

The fitting procedure for the thermodynamic ab initio data is performed using the FitDat utility
from Ansys. This requires the input of the species information as well as the thermodynamic
data for different temperature ranges. The fits are done by a using a least square fit method
with given constraints which are explained by ref. (65).

2.2 Ansys Chemkin

The different CVD systems, i.e. TiN, TiAIN and AIN, were simulated at the reactor scale using
the Chemkin software package. Perfectly stirred reactors simulations were set up and the
systems were analyzed with regards to the deposition rate at different gas temperatures,
substrate temperatures and pressures. Both the TiN and the AIN simulations were performed
at a fixed substrate temperature and fixed gas composition. When it comes to the TiAIN PSR
simulations, the gas composition is varied with respect to the inlet gas. This is realized by setting
the molar fractions of NHs: TiClsa: AlClz to 2:0,5:1,5 to 2:1:1 and respectively to 2:1,5:1. Also gas
phase temperature is varied in the TiAIN system. All input files and set up parameters can be
found in the appendix.
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3 Results

3.1 Theoretical calculation of surface site densities

As stated in the introduction it is possible to calculate surface site densities in most crystalline
systems. For most technical applications there are three common crystal structures with well-
defined sites. These two are the hexagonal structures and the face centered cubic (FCC) and
the body centered cubic (BCC). The surface site density is defined as the number of surface
sites per area. The chosen approach was to calculate the surface site density in terms of a pre-
factor (depends on the number of sites in the area of interest and the geometry) which is given
by the crystal structure and one characteristic length for the crystal structure.

Ngit 1
Sden = SAeS = f * l_z [94]

Hexagonal structures and FCC (111)

The possible adsorption sites in hexagonal systems are the bridges between two neighboring
atoms, in the gap between three atoms and on top of every atom. (66) This is shown in the
following illustration.

’ i

® o g -H-5 o ®
® © ® 55 o o o

Figure 9 Illustration of the possible adsorption sites (red dots) in a FCC (111) system. The light grey atoms are the
surface atoms and the dark atoms are the atoms in the layer below.©

The pre-factor for the hexagonal (0001) crystal and the FCC (111) structure is:

1 1
Nsites,hex = Ntop + Nbridge,z + Ngap,3 = (6 * g + 1) + (6 * E + 6) +6=17 [95]
3%3
HEX — 2 * 12 [96]
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frex = 373 ~ 6,53 [97]

The characteristic length the case of a hexagonal system is the side length. The number 17
comes from the possible adsorption sites in the hexagonal structure the rest is just to obtain
the area of the hexagonal shape with the characteristic length.

FCC (001)

The possible sites in the FCC (001) system include the gaps between four atoms, the bridges
between two atoms and the tops of each atom. (66)

Figure 10 Illustration of the possible adsorption sites (red dots) in a FCC (001) system where the light grey atoms
are the surface atoms and the dark grey atoms are the atoms in the layer below. ©

The pre-factor for the FCC (001) crystal structure is:

1 1
Nsites,hex = Ntop + Nbridge,z + Ngap,4 = (4 * Z + 1) +4+ (4 * E) =8 [98]
Apce =17 [99]
frec =8 [100]

This factor arises from the fact that there are eight adsorption sites in the FCC (001). The area
is just the square of the side length of one unit cell (i.e. the lattice parameter), which mean
there is no influence on the pre-factor. This calculation should also be valid for systems like the
NaCl (001) structure (the Fm-3m space group). All structures in this chapter are created with
the Vesta software package and crystallographic data from the crystallography open database.
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Titanium nitride (TiN)

The structure of TiN is a Fm-3m space group which corresponds to the NaCl structure. The
lattice constant is 4,244 Angstroms. The surface was modeled in the (001) and (111) directions.

The titanium-nitride (001) surface:

Figure 11a Surface of TiN on the (001) plane and 3-dimensional lllustration of TiN and the (001) plane ©

The calculated surface site density for the TiN (001) surface is 7,376E-09 mole/cm?.
The titanium-nitride (111) surface:

The TiN (111) surface is as stated above a system with “hexagonal” symmetry with a
characteristic length of 1=3,00096 Angstroms.

Figure 12a Surface of TiN on the (111) plane and 3-dimensional lllustration of TiN and the (111) plane ©

For the titanium-nitride (111), a surface density of 1,207E-08 mole/cm? was calculated.
Titanium

Both crystal structures for titanium were considered. The alpha structure is a hexagonal
structure of the P 63/m m c space group with lattice parameters of 2.9064, 2.9064, 4.6667
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90°, 90° and 120°. The beta structure is a FCC structure in the Fm-3m space group with a lattice
parameter of 2.9064 Angstroms.

The a -Ti (0001) surface:

Figure 13a Surface of Ti on the (0001) plane and 3-dimensional Illustration of Ti and the (0001) plane ©

The critical length of the alpha titanium (0001) surface is I=2,9064 Angstroms and the evaluated
surface site density is 1,286E-08 mole/cm?.

The B-Titanium (001) surface:

Figure 14a Surface of Ti on the (001) plane and 3-dimensional lllustration of Ti and the (001) plane ©

The surface site density for this surface is 8,059E-09 mole/cm?.

The B -Titanium (111) surface:
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Figure 15a Surface of Ti on the (111) plane and 3-dimensional lllustration of Ti and the (111) plane ©

The surface site density on the beta titanium (111) surface is 1,318E-08 mole/cm?.

Aluminum oxide (a-Al,03)

The alpha structure of aluminum oxide is a rhombohedral crystal structure with a R -3 c:H
space group. The lattice parameters are 4.7606, 4.7606, 12.994, 90°, 90° and 120°. Ever since
the adsorption is mostly happening on the oxygen sites, a simplified representation of the
sites is used. In our model the oxygens are in a nearly hexagonal on the (0001) surface. For
this system the count of adsorption sites per hexagon is 2 (1 for the central atom and 6/6 for
the oxygen atoms on the outside). Therefore f will be 0,769800359 and the critical length will
be 1=2,8663 Angstroms. This system leads to a surface density of 1,556E-09, which is
comparable to the typical value for technical oxides.

Figure 16a Surface of AI203 on the (0001) plane and b 3-dimensional lllustration of AI203 and the (0001) plane ©

Note: The systems for the calculation of the surface site densities are heavily simplified.
However they are accurate enough for our use case. For more exact results adsorption
experiments need to be conducted on the systems and later on evaluated by either
adsorption isotherms or even quantum chemistry.
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3.2 Results of the ab initio calculations

As an example the results of the structure optimizations and the thermodynamic data,
calculated with ab-initio methods, for one of the species are shown below. The full
thermodynamic data for each species considered with respect to the temperature can be found

in the appendix.

AICI2NH2 Thermodynamic data for Chemkin Fit Hf = -138.01 KCAL/MOLE

T H-HO rot H-HOtrans H-HOvib H-HO S Cp S kor. H-H298

0 0 0 0 0,000 - - - -2,443
298 0,889 0,889 8,445 2,443 79,407 20,877 78,029 0,000
300 0,894 0,894 8,525 2,465 79,536 20,921 78,158 0,021
400 1,192 1,192 12,977 3,671 85,833 22,811 84,455 1,228
500 1,49 1,49 17,626 4,925 91,067 24,062 89,689 2,482
600 1,788 1,788 22,382 6,204 95,537 24,963 94,159 3,761
700 2,087 2,087 27,201 7,499 99,440 25,665 98,062 5,055
800 2,385 2,385 32,061 8,803 102,906 26,25 101,528 6,359
900 2,683 2,683 36,949 10,114 106,028 26,761 104,650 7,670
1000 2,981 2,981 41,857 11,429 108,872 27,216 107,494 8,986
1100 3,279 3,279 46,780 12,748 111,485 27,626 110,107 10,305
1200 3,577 3,577 51,713 14,070 113,905 27,996 112,527 11,626
1300 3,875 3,875 56,655 15,393 116,159 28,33 114,781 12,950
1500 4,471 4,471 66,556 18,045 120,255 28,899 118,877 15,601
1700 5,067 5,067 76,476 20,700 123,901 29,358 122,523 18,257
1900 5,663 5,663 86,408 23,359 127,187 29,727 125,809 20,915
2100 6,26 6,26 96,348 26,020 130,177 30,025 128,799 23,577
2300 6,856 6,856 106,295 28,682 132,920 30,268 131,542 26,239
2500 7,452 7,452 116,246 31,346 135,452 30,467 134,074 28,902
2700 8,048 8,048 126,202 34,010 137,804 30,631 136,426 31,567
2900 8,644 8,644 136,160 36,675 139,997 30,768 138,619 34,232
3100 9,24 9,24 146,121 39,341 142,053 30,883 140,675 36,897
3300 9,837 9,837 156,084 42,007 143,987 30,98 142,609 39,564
3500 10,433 10,433 166,048 44,674 145,813 31,063 144,435 42,230
3700 11,029 11,029 176,014 47,340 147,541 31,134 146,163 44,897
3900 11,625 11,625 185,981 50,007 149,181 31,196 147,803 47,564
4100 12,221 12,221 195,949 52,675 150,743 31,25 149,365 50,231
4300 12,817 12,817 205,918 55,342 152,232 31,296 150,854 52,899
4500 13,414 13,414 215,888 58,010 153,656 31,337 152,278 55,567
4700 14,01 14,01 225,858 60,678 155,020 31,374 153,642 58,235
4900 14,606 14,606 235,829 63,346 156,328 31,406 154,950 60,903
5000 14,904 14,904 240,814 64,680 156,962 31,421 155,584 62,237

Table 3 Thermodynamic data of AICI,NH> calculated using ab-initio methods ©

Figure 17 B3LYP optimized structure of AICI,NH, ©
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Stated down below are the results of the nasa-7 polynomial fitting together with some of the

transport data obtained by ab-initio calculations.

Fitted parameters for Chemkin-thermodynamics using data calculated by ab initio methods

Alcl AlCI3 Al2CI6 AICI2NH2 TiCl4 TiCI3 TiCI4(NH3)2
al 4,35E+00 9,31E+00 2,06E+01 1,03E+01 1,92E+01 9,52E+00 1,92E+01
a2 1,91E-04 8,54E-04 1,70E-03 4,95E-03 1,63E-02 5,98E-04 1,63E-02
a3 -9,09E-08 -4,03E-07 -8,07E-07 -1,83E-06 -6,31E-06 -2,85E-07 -6,31E-06
a4 1,87E-11 8,28E-11 1,66E-10 3,18E-10 1,13E-09 5,87E-11 1,13E-09
a5 -1,40E-15 -6,17E-15 -1,24E-14 -2,11E-14 -7,62E-14 -4,39E-15 -7,62E-14
a6 -7,98E+03 -7,39E+04 -1,64E+05 -7,28E+04 -1,26E+05 -6,78E+04 7,92E+04
a7 2,58E+00 -1,57E+01 -6,13E+01 -2,10E+01 -5,72E+01 -1,32E+01 -5,72E+01
a8 3,47E+00 5,79E+00 1,31E+01 5,14E+00 1,33E+01 6,78E+00 1,33E+01
a9 3,86E-03 1,52E-02 3,32E-02 2,71E-02 3,88E-02 1,21E-02 3,88E-02

al0 -5,81E-06 -2,22E-05 -4,98E-05 -3,75E-05 -3,82E-05 -1,82E-05 -3,82E-05
all 3,98E-09 1,48E-08 3,40E-08 2,57E-08 2,11E-08 1,25E-08 2,11E-08
al2 -1,03E-12 -3,75E-12 -8,75E-12 -6,77E-12 -4,75E-12 -3,23E-12 -4,75E-12
al3 -7,81E+03 -7,32E+04 -1,63E+05 -7,19E+04 -1,25E+05 -6,73E+04 8,04E+04
als 6,79E+00 1,24E+00 -2,50E+01 3,37E+00 -2,83E+01 -6,11E-02 -2,83E+01
Calculated parameters for Chemkin-transport using ab initio methods
W [Debye] 1,864 0,000 0,000 2,869 0,000 0,000 7,842
alfa.u.] 45,470 47,408 96,719 44,652 77,808 62,099 102,573

Table 4 Fitted Nasa 7 polynomial coefficients and transport data obtained by ab-initio methods. ©
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3.3 Simulations results from Chemkin

All input files for the different calculations can be found the appendix.

3.3.1 Growth rates of aluminum nitride in the PSR

The results of the parameter studies that are shown below. The studies were conducted using
a fixed surface temperature of 800K and a gas composition 2:1 for NH3:AICI3. Shown in figures
18-20 is the growth rate with respect to the temperature at different pressures. Going through
the figures it may be observed how both the deposition rate and also the temperature
dependency of the growth rate vary for different pressures. The parameter study with respect
to the pressure (fig. 21) shows a clear linear trend for the deposition rate with increasing
pressure. We are not aware of any study in the literature reporting growth rates for exactly the
same parameters investigated here. However when looking at ref. (47), which also provided
the reaction mechanism used in this work, the authors have reported experimental values for
the growth rate between 5 and 35um per hour (0,0833-0,5833um/min) (using different
deposition parameters). Therefore, our results are in a reasonable range. When it comes to
the reaction path diagrams one can clearly see how the deposition is favored at high
temperatures. An interesting finding is that at all temperature levels the main reaction path to
deposition is always happening with the intermediary compound AICI;NH3, which is due to the
high rate of conversion and the accelerated rate of the surface reactions.
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Figure 18 Graph of the growth rate vs gas temperature of TiN CVD system at a pressure of 1 Torr ©
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Figure 19 Graph of the growth rate vs gas temperature of TiN CVD system at a pressure of 5 Torr ©

0.510
0.505
0.500

€0.495

£
0.490

0.485

2 0.475

©

£ 0.470

(]

& 0.465
0.460
0.455

0.450

wth_r. L(D) (micron/
o
S
3

600 700 800 900 1,000 1,100 1,200 1,300
Temperature_C1__PSR_PSR_(C1) (K)
{-E- Growth_rate_AL(D) =@~ Growth_rate_N(D) ‘

Figure 20 Graph of the growth rate vs gas temperature of TiN CVD system at a pressure of 10 Torr ©
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Figure 21 Graph of the growth rate vs pressure of TiN CVD system at a gas temperature of 800K ©
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3.3.2 Growth rates of titanium nitride in the PSR

The plots for growth rate vs gas temperature at different pressures of the TiN CVD system can
be found below. In figures 23 and 24 we can observe that the deposition rate is dropping in the
region of 600-1100K before rising steeply and capping out again once 1400K is reached. In
figure 25 we can observe a steep increase in the growth rate with respect to pressure. This
might be due to the high formation of complexes in this temperature region. The PSR studies
were set up at a gas composition NHs:TiCls of 6:5 and the dependence of the growth rate on
gas temperature was studied at 5 and 10 Torr. The dependence on pressure was simulated at
a gas temperature of 800K. For all the simulations, we kept a constant substrate temperature
of 800K. Experimental data for comparison from ref (53) show that at temperatures between
600 and 1400°C and pressures of 1kPa (7,5 Torr) the deposition rate is between 1 and 3,8 um/h
(0,01667-0,0633 um/min). In this study, the gas phase composition was varied between 1,5
and 4,5 NH3/TiCLs. These parameters do not quite match with the once studied by us, however
it gives a rough estimate and the order of magnitude. The results of the PSR simulation show a
good agreement with the experimental data. The reaction path diagram in figure 26 indicates
a high amount of unwanted complex formation especially at low temperatures.
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Figure 23 Graph of the growth rate vs gas temperature of TiN CVD system at a pressure of 5 Torr ©
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Figure 24 Graph of the growth rate vs gas temperature of TiN CVD system at a pressure of 10 Torr ©
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Figure 25 Graph of the growth rate vs pressure of TiN CVD system at a gas temperature of 800K ©
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3.3.3 Growth rate of titanium aluminum nitride in the PSR

The results of the TiAIN PSR analysis can be found below. When comparing the different plots
on can recognize a strong influence of the gas composition on the deposition rates as well as
on gas temperature. These trends can be observed by analyzing figures 27-33 and figures 36-
41 which show the results of the simulations using different gas compositions and pressures. It
can see in figures 33-35 that at a fixed gas temperature and pressure the variation of
surface/substrate temperature exhibits the same effect on growth behavior irrespective of gas
composition. In ref (67) experimental growth of TiAIN using the same precursor gas (however
with unknown gas composition) at temperatures between 650 and 750 degrees Celsius and
pressures between 5 and 25 mbar (3,75-18,75 Torr) has been reported. The team determined
deposition rates between 0,023 and 0,217 um per minute. This result is in the same order of
magnitude as the performed simulation in the given range of temperature and pressure. The
obtained growth rates however are higher than the ones in the experimental case which is
expected ever since the mass transport was set to be “infinitely” fast in the simulations. Also
reaction path analyses can be found below, one starting from TiCls and one from AlICls. When
it comes to the reaction path diagrams (42 and 43) we can see that during these simulations
no titanium complex was formed. Complex formation might be suppressed by the high reaction
rates of aluminum complex formation as both of these complexes need ammonia to be created.
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Figure 27 Resulting graph of the growth rate vs gas temperature at a surface temperature of 800°C, 2:0,5:1,5
NH3:TiCl4:AICI3 and a pressure of 5 Torr ©
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Figure 28 Resulting graph of the growth rate vs gas temperature at a surface temperature of 800°C, 2:1,5:0,5
NH3:TiCl4:AICI3 and a pressure of 5 Torr ©
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Figure 29 Resulting graph of the growth rate vs gas temperature at a surface temperature of 800°C, 2:1:1
NH3:TiCl4:AICI3 and a pressure of 5 Torr ©
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Figure 30 Resulting graph of the growth rate vs gas temperature at a surface temperature of 800°C, 2:1,5:0,5
NH3:TiCl4:AlICI3 and a pressure of 10 Torr ©
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Figure 31 Resulting graph of the growth rate vs gas temperature at a surface temperature of 800°C, 2:0,5:1,5
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Figure 32 Resulting graph of the growth rate vs gas temperature at a surface temperature of 800°C, 2:1:1
NH3:TiCl4:AICI3 and a pressure of 10 Torr ©
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Figure 33 Resulting graph of the growth rate vs substrate temperature at a gas temperature of 800°C, 2:0,5:1,5
NH3:TiCl4:AICI3 and a pressure of 10 Torr ©
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Figure 34 Resulting graph of the growth rate vs substrate temperature at a gas temperature of 800°C, 2:1,5:0,5
NH3:TiCl4:AICI3 and a pressure of 10 Torr ©
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Figure 35 Resulting graph of the growth rate vs substrate temperature at a gas temperature of 800°C, 2:1:1
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Figure 36 Resulting graph of the growth rate vs gas temperature at a surface temperature of 800°C, 2:1,5:0,5
NH3:TiCl4:AICI3 and a pressure of 25 Torr ©
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Figure 37 Resulting graph of the growth rate vs gas temperature at a surface temperature of 800°C, 2:0,5:1,5
NH3:TiCl4:AICI3 and a pressure of 25 Torr ©
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Figure 38 Resulting graph of the growth rate vs gas temperature at a surface temperature of 800°C, 2:1:1
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Figure 41 Resulting graph of the growth rate vs gas temperature at a surface temperature of 800°C, 2:1:1
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4 Conclusion

To sum up the thesis, first a theoretical analysis of the crystalline surfaces used for the
deposition was performed. We conducted ab initio studies of the chemical species which are
supposed to form during the CVD processes. Both of this aforementioned calculations were
done in order to set up the reacting flow problems. Chemical kinetics of the different CVD
systems were analyzed using CFD/reacting flow simulations. Finally, co-deposition of titanium
aluminum nitride was simulated utilizing the reaction mechanisms from the titanium nitride
and aluminum nitride CVD systems.

An interesting discovery of this thesis is that the growth rates produced by the simulation of
titanium aluminum nitride matched very well with the experimental data available. This
indicates that the reaction mechanism using the co-deposition approach describes the real
system with a decent accuracy. Another interesting finding is that the simulation predicts that
with our deposition parameters there is no complex formation of the titanium complex
TiCls(NHs)2. This is despite the fact that it predicts a lot of complex formation in the pure
titanium nitride CVD system. However, the aluminum complex AICI;NH; is predicted to be
created in high amounts. This could also be the reason why the titanium complex is not able to
form.

Looking at the results the reaction mechanism used in this thesis might be a good starting point
for even more detailed mechanisms and analyses. Due to the high influence of the gas
composition there could be local phenomena (maybe created by different gas transport
behavior) in the gas phase which in the right circumstances might be able explain the periodic
gradient in the titanium aluminum nitride system. With that said, it might be worth it to take a
deeper look into the gas-phase-based systems. This includes more detailed simulation-based
methods, i.e. 3D reacting flow models including mass transport which could be further
combined with methods like kinetic Monte Carlo and molecular dynamics. It could also be
worth it to conduct experiments such as chemical analysis of the inflowing and outflowing gas
flow using, e.g. ER-Spectroscopy.
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6 Appendix

Calculated thermodynamic data by ab initio methods

Until explicitly stated all units for temperature are given in K, all heat capacities and entropies
are given in calories per (mole*K) and all entropies are given in kcal per mole. Hf refers to the
formation enthalpies at 298K. Also screenshots of all the molecules can be found below with
their respective species.
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Al2Cl6 Thermodynamic data for Chemkin Fit Hf = -313.99 KCAL/MOLE

T H-HO rot | H-HOtrans | H-HOvib H-HO S Cp S kor. H-H298

0 0 0 0 0,000 - - - -7,949
298 0,889 0,839 6,171 7,949 116,787 38,443 114,030 0,000
300 0,894 0,894 6,228 8,016 117,025 38,494 114,268 0,068
400 1,192 1,192 9,445 11,829 128,403 40,485 125,646 3,880
500 1,49 1,49 12,793 15,773 137,563 41,548 134,806 7,824
600 1,788 1,788 16,213 19,789 145,198 42,17 142,441 11,841
700 2,087 2,087 19,677 23,851 151,730 42,562 148,973 15,902
300 2,385 2,385 23,168 27,938 157,431 42,823 154,674 19,990
900 2,683 2,683 26,679 32,045 162,486 43,006 159,729 24,096
1000 2,981 2,981 30,203 36,165 167,025 43,138 164,268 28,216
1100 3,279 3,279 33,737 40,295 171,141 43,237 168,384 32,346
1200 3,577 3,577 37,278 44,432 174,907 43,312 172,150 36,483
1300 3,875 3,875 40,825 48,575 178,376 43,372 175,619 40,627
1500 4,471 4,471 47,932 56,874 184,589 43,457 181,832 48,926
1700 5,067 5,067 55,052 65,186 190,032 43,514 187,275 57,237
1900 5,663 5,663 62,179 73,505 194,874 43,555 192,117 65,557
2100 6,26 6,26 69,313 81,833 199,235 43,584 196,478 73,884
2300 6,856 6,856 76,451 90,163 203,201 43,606 200,444 82,214
2500 7,452 7,452 83,592 98,496 206,837 43,624 204,080 90,547
2700 8,048 8,048 90,736 106,832 | 210,195 43,637 207,438 98,883
2900 8,644 8,644 97,882 115,170 | 213,314 43,648 210,557 107,221
3100 9,24 9,24 105,030 123,510 | 216,225 43,657 213,468 115,561
3300 9,837 9,837 112,179 131,853 218,955 43,664 216,198 123,904
3500 10,433 10,433 119,329 140,195 | 221,524 43,67 218,767 132,246
3700 11,029 11,029 126,480 148,538 | 223,951 43,675 221,194 140,589
3900 11,625 11,625 133,632 156,882 | 226,250 43,679 223,493 148,933
4100 12,221 12,221 140,785 165,227 | 228,435 43,683 225,678 157,278
4300 12,817 12,817 147,938 173,572 | 230,515 43,686 227,758 165,623
4500 13,414 13,414 155,092 181,920 | 232,502 43,689 229,745 173,971
4700 14,01 14,01 162,246 190,266 | 234,401 43,691 231,644 182,317
4900 14,606 14,606 169,400 198,612 | 236,222 43,693 233,465 190,664
5000 14,904 14,904 172,978 | 202,786 | 237,105 43,694 234,348 194,837
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AICl Thermodynamic data for Chemkin Fit Hf = -13.22 KCAL/MOLE

T H-HO rot H-HOtrans H-HOvib H-HO S Cp S kor. H-H298

0 0 0 0,000 0,000 - - - -1,947
298 0,889 0,889 0,169 1,947 0 0,000
300 0,894 0,894 0,172 1,960 54,639 8,345 54,639 0,013
400 1,192 1,192 0,323 2,707 57,075 8,575 57,075 0,760
500 1,49 1,49 0,491 3,471 59,003 8,697 59,003 1,524
600 1,788 1,788 0,669 4,245 60,596 8,768 60,596 2,298
700 2,087 2,087 0,852 5,026 61,951 8,813 61,951 3,079
800 2,385 2,385 1,040 5,810 63,130 8,842 63,13 3,863
900 2,683 2,683 1,229 6,595 64,172 8,863 64,172 4,648
1000 2,981 2,981 1,421 7,383 65,107 8,877 65,107 5,436
1100 3,279 3,279 1,614 8,172 65,953 8,889 65,953 6,225
1200 3,577 3,577 1,808 8,962 66,727 8,897 66,727 7,015
1300 3,875 3,875 2,002 9,752 67,440 8,904 67,44 7,805
1500 4,471 4,471 2,393 11,335 68,714 8,913 68,714 9,388
1700 5,067 5,067 2,785 12,919 69,831 8,92 69,831 10,972
1900 5,663 5,663 3,179 14,505 70,823 8,924 70,823 12,558
2100 6,26 6,26 3,573 16,093 71,716 8,927 71,716 14,146
2300 6,856 6,856 3,968 17,680 72,528 8,93 72,528 15,733
2500 7,452 7,452 4,364 19,268 73,273 8,932 73,273 17,321
2700 8,048 8,048 4,759 20,855 73,961 8,933 73,961 18,908
2900 8,644 8,644 5,155 22,443 74,599 8,935 74,599 20,496
3100 9,24 9,24 5,552 24,032 75,195 8,935 75,195 22,085
3300 9,837 9,837 5,948 25,622 75,754 8,936 75,754 23,675
3500 10,433 10,433 6,345 27,211 76,279 8,937 76,279 25,264
3700 11,029 11,029 6,741 28,799 76,776 8,938 76,776 26,852
3900 11,625 11,625 7,138 30,388 77,247 8,938 77,247 28,441
4100 12,221 12,221 7,535 31,977 77,694 8,938 77,694 30,030
4300 12,817 12,817 7,932 33,566 78,119 8,939 78,119 31,619
4500 13,414 13,414 8,329 35,157 78,526 8,939 78,526 33,210
4700 14,01 14,01 8,726 36,746 78,914 8,939 78,914 34,799
4900 14,606 14,606 9,123 38,335 79,287 8,94 79,287 36,388
5000 14,904 14,904 9,322 39,130 79,468 8,94 79,468 37,183
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AICI2NH2 Thermodynamic data for Chemkin Fit Hf = -138.01 KCAL/MOLE

T H-HO rot | H-HOtrans | H-HOvib H-HO S Cp S kor. H-H298

0 0 0 0 0,000 - - - -2,443
298 0,889 0,889 8,445 2,443 79,407 20,877 78,029 0,000
300 0,894 0,894 8,525 2,465 79,536 20,921 78,158 0,021
400 1,192 1,192 12,977 3,671 85,833 22,811 84,455 1,228
500 1,49 1,49 17,626 4,925 91,067 24,062 89,689 2,482
600 1,788 1,788 22,382 6,204 95,537 24,963 94,159 3,761
700 2,087 2,087 27,201 7,499 99,440 25,665 98,062 5,055
800 2,385 2,385 32,061 8,803 102,906 26,25 101,528 6,359
900 2,683 2,683 36,949 10,114 106,028 26,761 104,650 7,670
1000 2,981 2,981 41,857 11,429 108,872 27,216 107,494 8,986
1100 3,279 3,279 46,780 12,748 111,485 27,626 110,107 10,305
1200 3,577 3,577 51,713 14,070 113,905 27,996 112,527 11,626
1300 3,875 3,875 56,655 15,393 116,159 28,33 114,781 12,950
1500 4,471 4,471 66,556 18,045 120,255 28,899 118,877 15,601
1700 5,067 5,067 76,476 20,700 123,901 29,358 122,523 18,257
1900 5,663 5,663 86,408 23,359 127,187 29,727 125,809 20,915
2100 6,26 6,26 96,348 26,020 130,177 30,025 128,799 23,577
2300 6,856 6,856 106,295 28,632 132,920 30,268 131,542 26,239
2500 7,452 7,452 116,246 31,346 135,452 30,467 134,074 28,902
2700 8,048 8,048 126,202 34,010 137,804 30,631 136,426 31,567
2900 8,644 8,644 136,160 36,675 139,997 30,768 138,619 34,232
3100 9,24 9,24 146,121 39,341 142,053 30,883 140,675 36,897
3300 9,837 9,837 156,084 42,007 143,987 30,98 142,609 39,564
3500 10,433 10,433 166,048 44,674 145,813 31,063 144,435 42,230
3700 11,029 11,029 176,014 47,340 147,541 31,134 146,163 44,897
3900 11,625 11,625 185,981 50,007 149,181 31,196 147,803 47,564
4100 12,221 12,221 195,949 52,675 150,743 31,25 149,365 50,231
4300 12,817 12,817 205,918 55,342 152,232 31,296 150,854 52,899
4500 13,414 13,414 215,388 58,010 153,656 31,337 152,278 55,567
4700 14,01 14,01 225,858 60,678 155,020 31,374 153,642 58,235
4900 14,606 14,606 235,829 63,346 156,328 31,406 154,950 60,903
5000 14,904 14,904 240,814 64,630 156,962 31,421 155,584 62,237
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AICI3 Thermodynamic data for Chemkin Fit Hf = -141.05 KCAL/MOLE

T H-HO rot | H-HOtrans | H-HOvib H-HO S Cp S kor. H-H298

0 0,000 0,000 0,000 0,000 - - - -3,481
298 0,889 0,889 1,703 3,481 78,404 17,089 74,844 0,000
300 0,894 0,894 1,721 3,509 78,967 17,303 75,407 0,028
400 1,192 1,192 2,732 5,116 84,088 18,243 80,528 1,635
500 1,490 1,490 3,808 6,788 88,220 18,765 84,660 3,307
600 1,788 1,788 4,919 8,495 91,671 19,077 88,111 5,014
700 2,087 2,087 6,052 10,226 94,627 19,275 91,067 6,745
800 2,385 2,385 7,200 11,970 97,211 19,409 93,651 8,489
900 2,683 2,683 8,357 13,723 99,502 19,503 95,942 10,242
1000 2,981 2,981 9,522 15,484 101,561 19,571 98,001 12,003
1100 3,279 3,279 10,691 17,249 103,429 19,622 99,869 13,768
1200 3,577 3,577 11,865 19,019 105,138 19,661 101,578 15,537
1300 3,875 3,875 13,041 20,791 106,713 19,692 103,153 17,310
1500 4,471 4,471 15,400 24,342 109,534 19,736 105,974 20,861
1700 5,067 5,067 17,766 27,900 112,006 19,766 108,446 24,419
1900 5,663 5,663 20,136 31,462 114,206 19,787 110,646 27,981
2100 6,260 6,260 22,509 35,029 116,187 19,802 112,627 31,548
2300 6,856 6,856 24,884 38,596 117,989 19,814 114,429 35,115
2500 7,452 7,452 27,261 42,165 119,641 19,822 116,081 38,634
2700 8,048 8,048 29,640 45,736 121,167 19,830 117,607 42,255
2900 8,644 8,644 32,019 49,307 122,584 19,835 119,024 45,826
3100 9,240 9,240 34,400 52,830 123,907 19,840 120,347 49,399
3300 9,837 9,837 36,781 56,455 125,148 19,843 121,588 52,974
3500 10,433 10,433 39,163 60,029 126,315 19,847 122,755 56,547
3700 11,029 11,029 41,545 63,603 127,418 19,849 123,858 60,122
3900 11,625 11,625 43,927 67,177 128,463 19,852 124,903 63,696
4100 12,221 12,221 46,310 70,752 129,456 19,853 125,896 67,271
4300 12,817 12,817 48,694 74,328 130,402 19,855 126,842 70,847
4500 13,414 13,414 51,077 77,905 131,305 19,857 127,745 74,424
4700 14,010 14,010 53,461 81,481 132,168 19,858 128,608 78,000
4900 14,606 14,606 55,845 85,057 132,996 19,859 129,436 81,576
5000 14,904 14,904 57,037 86,845 133,397 19,860 129,837 83,364
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TiCI3 Thermodynamic data for Chemkin Fit Hf = -519.52 kJ/mol

T H-HO rot H-HOtrans H-HOvib H-HO S Cp S kor H-H298

0 0 0 0 0,000 - - - -10,223
298 0,889 0,889 8,445 10,223 84,548 17,995 82,363 0,000
300 0,894 0,894 8,525 10,313 84,659 18,014 82,474 0,090
400 1,192 1,192 12,977 15,361 89,951 18,731 87,766 5,138
500 1,49 1,49 17,626 20,606 94,176 19,11 91,991 10,383
600 1,788 1,788 22,382 25,958 97,681 19,33 95,496 15,734
700 2,087 2,087 27,201 31,375 100,672 19,468 98,487 21,152
800 2,385 2,385 32,061 36,831 103,278 19,56 101,093 26,608
900 2,683 2,683 36,949 42,315 105,586 19,624 103,401 32,092
1000 2,981 2,981 41,857 47,819 107,656 19,67 105,471 37,596
1100 3,279 3,279 46,780 53,338 109,532 19,704 107,347 43,114
1200 3,577 3,577 51,713 58,867 111,248 19,731 109,063 48,644
1300 3,875 3,875 56,655 64,405 112,828 19,751 110,643 54,181
1500 4,471 4,471 66,556 75,498 115,657 19,781 113,472 65,275
1700 5,067 5,067 76,476 86,610 118,134 19,801 115,949 76,387
1900 5,663 5,663 86,408 97,734 120,337 19,815 118,152 87,510
2100 6,26 6,26 96,348 108,868 122,321 19,825 120,136 98,645
2300 6,856 6,856 106,295 120,007 124,125 19,833 121,940 109,783
2500 7,452 7,452 116,246 131,150 125,779 19,839 123,594 120,927
2700 8,048 8,048 126,202 142,298 127,306 19,844 125,121 132,074
2900 8,644 8,644 136,160 153,448 128,724 19,847 126,539 143,225
3100 9,24 9,24 146,121 164,601 130,048 19,851 127,863 154,378
3300 9,837 9,837 156,084 175,758 131,289 19,853 129,104 165,534
3500 10,433 10,433 166,048 186,914 132,457 19,855 130,272 176,691
3700 11,029 11,029 176,014 198,072 133,560 19,857 131,375 187,849
3900 11,625 11,625 185,981 209,231 134,606 19,858 132,421 199,008
4100 12,221 12,221 195,949 220,391 135,599 19,86 133,414 210,168
4300 12,817 12,817 205,918 231,552 136,545 19,861 134,360 221,329
4500 13,414 13,414 215,888 242,716 137,448 19,862 135,263 232,492
4700 14,01 14,01 225,858 253,878 138,312 19,863 136,127 243,654
4900 14,606 14,606 235,829 265,041 139,139 19,863 136,954 254,817
5000 14,904 14,904 240,814 270,622 139,541 19,864 137,356 260,399
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TiCl4 Thermodynamic data for Chemkin Fit Hf = -810.20 kJ/mol

T H-HO rot | H-HOtrans | H-HOvib H-HO S Cp S kor. H-H298

0 0 0 0 0,000 - - - -4,729
298 0,889 0,889 2,951 4,729 89,765 23,012 84,823 0,000
300 0,894 0,894 2,979 4,767 89,843 23,039 84,902 0,039
400 1,192 1,192 4,576 6,960 96,636 24,119 91,695 2,232
500 1,49 1,49 6,244 9,224 102,086 24,689 97,145 4,495
600 1,788 1,788 7,950 11,526 106,619 25,019 101,678 6,797
700 2,087 2,087 9,678 13,852 110,492 25,227 105,551 9,124
800 2,385 2,385 11,422 16,192 113,870 25,364 108,929 11,464
900 2,683 2,683 13,176 18,542 116,863 25,46 111,922 13,813
1000 2,981 2,981 14,936 20,898 119,550 25,53 114,609 16,170
1100 3,279 3,279 16,702 23,260 121,986 25,582 117,045 18,532
1200 3,577 3,577 18,472 25,626 124,213 25,621 119,272 20,898
1300 3,875 3,875 20,245 27,995 126,265 25,652 121,324 23,266
1500 4,471 4,471 23,797 32,739 129,940 25,697 124,999 28,011
1700 5,067 5,067 27,356 37,490 133,158 25,727 128,217 32,762
1900 5,663 5,663 30,919 42,245 136,021 25,748 131,080 37,517
2100 6,26 6,26 34,486 47,006 138,598 25,764 133,657 42,277
2300 6,856 6,856 38,054 51,766 140,943 25,775 136,002 47,037
2500 7,452 7,452 41,624 56,528 143,092 25,784 138,151 51,800
2700 8,048 8,048 45,196 61,292 145,077 25,791 140,136 56,563
2900 8,644 8,644 48,769 66,057 146,920 25,797 141,979 61,328
3100 9,24 9,24 52,342 70,822 148,641 25,801 143,700 66,094
3300 9,837 9,837 55,917 75,591 150,254 25,805 145,313 70,862
3500 10,433 10,433 59,491 80,357 151,772 25,808 146,831 75,629
3700 11,029 11,029 63,067 85,125 153,207 25,811 148,266 80,396
3900 11,625 11,625 66,643 89,893 154,565 25,813 149,624 85,164
4100 12,221 12,221 70,219 94,661 155,856 25,815 150,915 89,932
4300 12,817 12,817 73,795 99,429 157,086 25,817 152,145 94,701
4500 13,414 13,414 77,372 104,200 | 158,260 25,818 153,319 99,472
4700 14,01 14,01 80,949 108,969 159,382 25,819 154,441 104,241
4900 14,606 14,606 84,526 113,738 160,458 25,821 155,517 109,010
5000 14,904 14,904 86,315 116,123 160,980 25,821 156,039 111,394
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TiCl4(NH3)2 Thermodynamic data for Chemkin Fit Hf =-991,23 kJ/mol

T H-HO rot | H-HOtrans | H-HOvib H-HO S Cp S kor. H-H298

0 0 0 0 0,000 - - - -8,290
298 0,889 0,889 6,512 8,290 114,351 43,683 114,351 0,000
300 0,894 0,894 6,578 8,366 114,622 43,769 114,622 0,076
400 1,192 1,192 10,369 12,753 127,779 47,688 127,779 4,463
500 1,49 1,49 14,502 17,482 138,757 50,703 138,757 9,192
600 1,788 1,788 18,907 22,483 148,226 53,169 148,226 14,194
700 2,087 2,087 23,540 27,714 156,584 55,275 156,584 19,425
800 2,385 2,385 28,371 33,141 164,088 57,127 164,088 24,851
900 2,683 2,683 33,376 38,742 170,914 58,777 170,914 30,453
1000 2,981 2,981 38,538 44,500 177,184 60,251 177,184 36,210
1100 3,279 3,279 43,339 50,397 182,990 61,565 182,990 42,107
1200 3,577 3,577 49,264 56,418 188,397 62,734 188,397 48,128
1300 3,875 3,875 54,799 62,549 193,461 63,77 193,461 54,260
1500 4,471 4,471 66,152 75,094 202,712 65,499 202,712 66,804
1700 5,067 5,067 77,811 87,945 210,996 66,853 210,996 79,655
1900 5,663 5,663 89,711 101,037 | 218,493 67,919 218,493 92,747
2100 6,26 6,26 101,801 114,321 | 2257333 68,764 225,333 106,031
2300 6,856 6,856 114,043 127,755 | 231,620 69,442 231,620 119,466
2500 7,452 7,452 126,408 141,312 | 237,434 69,992 237,434 133,022
2700 8,048 8,048 138,871 154,967 | 242,838 70,441 242,838 146,678
2900 8,644 8,644 151,417 168,705 | 247,886 70,813 247,886 160,416
3100 9,24 9,24 164,031 182,511 | 252,619 71,124 252,619 174,221
3300 9,837 9,837 176,702 196,376 | 257,074 71,385 257,074 188,086
3500 10,433 10,433 189,421 | 210,287 | 261,281 71,607 261,281 | 201,997
3700 11,029 11,029 202,181 | 224,239 | 265,265 71,796 265,265 215,950
3900 11,625 11,625 214,977 | 238,227 | 269,049 71,96 269,049 | 229,937
4100 12,221 12,221 227,803 252,245 | 272,652 72,102 272,652 243,955
4300 12,817 12,817 240,655 266,289 | 276,089 72,225 276,089 | 257,999
4500 13,414 13,414 253,531 | 280,359 | 279,375 72,334 279,375 272,069
4700 14,01 14,01 266,427 | 294,447 | 282,522 72,429 282,522 286,157
4900 14,606 14,606 279,341 | 308,553 | 285,542 72,514 285,542 300,263
5000 14,904 14,904 285,804 | 315612 | 287,008 72,553 287,008 | 307,322
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Chemkin input files

All Gas and Surface kinetic input files from Chemkin can be found below.

AlN:

ELEMENTS
H N AL CL
END
SPECIES

HZ H CL CLZ HCL NH3 ALCL3 ALCLZNHZ

END

THERMO

ALCL3 AL 1cL 3 G

9.31278495E+00 5.53520149E-04
—7.35040741E+04-1.5€886400E+01
1.4836€376E-08-3.750853%9¢E-12

—4.03437389E-07

—-7.32113601E+04

5.79299180E+00

ALCLZNHZ AL 1CL 2N 1H 2G

1.02729534E+01 4.95031284E-03
—7.28485157E+04-2.10006004E+01
2.5705€373E-08-6.77175132E-12
END
REACTIONS JOULES/MOLE

—7.19022090E+04

—1.83347057E-06 3.
2.71070973E-02-3.74916344E-05
3.370735€€E+00

5.1375884¢€E+00

300.000 5000.000 1000.00

8.27902269E-11-6.16923111E-15
1.51575843E-02-2.21968710E-05
1.23610451E+00

300.000 5000.000 1000.00
18203379E-10-2.10€1642¢E-14

H + CL + M => M + HCL 7.20B+21 -2.0 0.0
2CL + M => M + CL2 2.00E+14 0.0 -7491

H + HCL => HZ2 + CL 1.€9E+13 0.0 173210

ALCL3 + NH3 => ALCLZNHZ2 + HCL 4.21E+11 0.0 34902

CL2 + H => HCL + CL 8.60E+13 0.0 4905

2H + H2 => 2HZ2 9.70E+16 -0.6 0

HZ + M => ZH + M 2.20E+14 0.5 4015¢€¢6

HCL + M => H + CL + M 7.90E+25 -3 445¢64¢

2ZH + M => HZ2 + M 6.53E+17 -1 0
END

W oo W

73



SITE/AIN/

SDEN/1.556E-9/

N(3)/1/ RL(S)/L1/

END

BULK AL(D)/2.698/

BULE N (D) /1.374/END

THERMO
AL(S)

2.55958900e+00-1.
3.85021400e+04 5.
2.32234300e-09-1.

AL (D)

2.55958900e+00-1.
3.89021400e+04 5
2.32234300e-09-1.

N(Ss)
2.4502€800e+00
5.61160400e+04

—-5.64756000e-11

N (D)
2.4502€800e+00
5.61160400e+04

—-5.64756000e-11

END

.23452200e+00

62987AL 1
06322400e-04
23452200e+00
70559900e-12

62987AL 1
06322400e-04

70559900e-12
120186N 1

.06614600e-04-7.
4.44875800e+00 2.
2.09990400e-14 5.

120186N 1

.06614600e-04-7.
4.44875800e+00 2.
2.09990400e-14 5.

REACTIONS JOULES/MOLE

NH3
ALCL3
ALCLZNHZ
ALCLZNHZ
END

G

7.20282800e-08-2.
2.73682500e+00-5.
3.88679500e+04 4.

G

7.20282800e-08-2.
2.73682500e+00-5.
3.88679500e+04 4.

G
46533700e-08 1.
50307100e+00-2.
60989000e+04 4.

G
46533700e-08 1.
50307100e+00-2.
60989000e+04 4.

300.000 5000.000 ©00.00
12110500e-11 2.28942900e-15
91237400e-04-4.03393800e-07
36388000e+00

300.000 5000.000 ©00.00
12110500e-11 2.28942900e-15
912374002-04-4.03393800e-07
36388000e+00

300.000 5000.000 1000.00
87965200e-11-1.02598400e-15
18001800e-05 5.42052900e-08
1€756600e+00

300.000 5000.000 1000.00
87965200e-11-1.02598400e-15
18001800e-05 5.42052900e-08
1€756600e+00

P O R T R S R e E T IS B =S PE R (SR

+ AL(S) => AL(D) + N(S) + H2 + H 4.453E+10 0.5 71949
+ N(3) => N(D) + AL(S) + CL + CL2 1.590E+10 0.5 64018
+ AL(S) =»> AL(D) + N(D) + AL(S) + 2HCL 1.720E+10
+ N(5) => N(D) +AL (D) + N(S) + ZHCL 1.720E+10

0.5 42401
0.5 42401
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TiAIN:

ELEMENTS

H N TI CL AL
END

SPECIES

END

THERMO
ALCL3 AL

TICL4NZHE TI

ALCLZNHZ2 AL

END

REACTIONS CAL/MOLE

1CL

9.31278495E+00 B8.53520145E-04-4.
—7.39040741E+04-1.5688¢400E+01 5.
1.483€€376E-08-3.75085396E-12-7.

1CL

1.92372093E+01 1.63167938E-02-6.
—1.258€0697E+05-5.7230¢101E+01 1.
2.10993111E-08-4.75394915E-12-1.

1CL

1.02729534E+01 4.95031284E-03-1.
—7.28485157E+04-2.1000€004E+01 5.
2.57056373E-08-6€.77175132E-12-7.

3

4N

2N

2H

1H

1.720E+08

2.00E+14
1.69E+13
8.60E+13

3.5E+18

NH3 N2 TICL4 HCL TICL3 HZ2 CLZ ALCL3 H CL ALCLZNHZ TICL4NZHE

300.000 5000.000 1000.00

03437389E-07 B.27902269E-11-¢€.1€523111E-15
79299180E+00 1.51575843E-02-2.219€8710E-05
32113€01E+04 1.23¢€10451E+00

300.000 5000.000 1000.00

30634833E-0¢ 1.1272100€E-09-7.61€0€145E-14
32984738E+01 3.88107887E-02-3.81559203E-05
24609903E+05-2.82644077E+01

300.000 5000.000 1000.00

83347057E-06 3.18203379E-10-2.10616426E-14
13758846eE+00 2.71070973E-02-3.745916344E-05
190220590E+04 3.37073566E+00

+ HCL 7.20E+21
0.0 —-7491
0.0 17310
0.0 4905

-2.0 0.0

0.5 4015¢e6
4.21E+13
0.0 38245

0.0 34502

2.32E+21 -1.17 387.9

H + CL + M => M
2CL + M => M + CLZ

H + HCL => HZ2 + CL

CL2 + H => HCL + CL

2H + HZ => 2H2 9.70E+1¢6
H2 + M => 2H + M

ALCL3 + NH3 => ALCLZNHZ
TICL4 + 2ZNH3 => TICL4NZH®&
TICL4 => TICL3 + CL

END
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SITE/TIALN/ SDEN/1.318E-8/

N(s)/1/ TI(s)/1/ TICL3(s)/1/ TIcLz(s)/1l/ NH2(S)/1// RLCL(sS)/1/

END

BULE TI(D)/4.500/

BULK AL(D)/2.698/

BULK N(D) /1.374/

END

THERMO

TI(S)
2.55958900e+00-1.
3.89021400e+04 5.
2.32234300e—-09-1.

N(S)
2.55958900e+00-1.
3.89021400e+04 5.
2.32234300e-09-1.

TICL2 (S) J14 TI

€2987TI 1

23452200e+00

705592200e-12

62987TN 1

23452200e+00

1CL

9.22517250e+00 8.989173¢le-04-3.
—7.31586882e+04-1.52557384e+01 4.
2.€8883110e-08-7.4€025276e-12-7.

TICL3(S) J14 TI 1CL

9.22517250e+00 8.989173¢le-04-3.
—7.3158€882e+04-1.52557384e+01 4.
2.€8883110e-08-7.4€025276e-12-7.

NHZ (S) J14 N 1H

9.22517250e+00 8.989173¢6le-04-3.
52557384e+01 4.
46025276e-12-7.

—7.31586882e+04-1.
2.68883110e-08-7.

TI(D)
2.55958900e+00-1.
3.89021400e+04 5.
2.32234300e-05-1.

N (D)
2.55958900e+00-1.
3.89021400e+04 5.
2.32234300e-05-1.

€2987TI 1

23452200e+00

62987TN 1

23452200e+00
70558800e-12

06322400e-04 7.

06322400e-04 7.

705592200e-12 3.

06322400e-04 7.

70558800e-12 3.

06322400e-04 7.

G

20282800e-08-2.
2.73682500e+00-5.
3.88679500e+04 4.

G

20282800e-08-2.
2.73682500e+00-5.
88679500e+04 4.

2 G
85692482e-07
65587536e+00
23e69824e+04
3 G
85692482e-07
653587536e+00
23e69824e+04
2 G
85692482e-07
63587536e+00
23e69824e+04

G

20282800e-08-2.
2.73682500e+00-5.
886€79500e+04 4.

G

20282800e-08-2.
2.73682500e+00-5.
3.88675500e+04 4.

300.000 5000.000 €00.00
12110500e-11 2.28542900e-15
91237400e-04-4.03393800e-07
363838000e+00

300.000 5000.000 €00.00
12110500e-11 2.28542900e-15
91237400e-04-4.03393800e-07
36388000e+00

200.000 €000.000 800.00

.031€e1823e-11-4.59177658e-15
2.18510800e-02-3.61191419e-05
6.14773433e+00

200.000 €000.000 800.00

.031€1823e-11-4.59177658e-15
2.18510800e-02-3.6119141%9e-05
6.14773433e+00

200.000 €000.000 800.00

.031e1823e-11-4.59177658e—-15
2.18510800e-02-3.61191419e—-05
.14773433e+00

300.000 5000.000 ©00.00
12110500e-11 2.285942900e-15
91237400e-04-4.03393800e-07
36388000e+00

300.000 5000.000 €00.00
12110500e-11 2.28942900e-15
91237400e-04-4.03393800e-07
36388000e+00
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ALCL (S) 62987AL 1CL 1 G 300.000 5000.000 &00.00 1
2.55958900e+00-1.06322400e-04 7.20282800e-08-2.12110500e-11 2.28942900e-15 2
3.89021400e+04 5.23452200e+00 2.73682500e+00-5.91237400e-04-4.03393800e-07 3
2.32234300e-09-1.70559900e-12 3.88679500e+04 4.36388000e+00 4

AL (D) 62987AL 1 G 300.000 5000.000 600.00 1
2.55958900e+00-1.06322400e-04 7.20282800e-08-2.12110500e-11 2.28942900e-15 2
3.89021400e+04 5.23452200e+00 2.73682500e+00-5.91237400e-04-4.03393800e-07 3
2.32234300e-09-1.70559900e-12 3.88679500e+04 4.36388000e+00 4

END

REACTIONS JOULE/MOLE

TICL3 + NH2 (S) => N(D) + TICL2(S) + HCL + 0.5H2 1E+08 0.5 40800

TICL4 + NH2(S) => N(D) + TICL3(S) + HCL + 0.5H2 1E+08 0.5 40800

NH3 + TICLZ(3) => TI(D) + NH2(S) + HCL + 0.5CL2 1.8E+08 0.5 40800

NH3 + TICL3(S) => TI(D) + NH2(S) + HCL + CL2 1.8E+08 0.5 40800

NH3 + ALCL(S) => AL(D) + NHZ (S) + HCL 4.453E+08 0.5 80000

ALCL3 + NHZ2 (3) => N(D) + ALCL(S) + Z2HCL 1.5%0E+08 0.5 4000

ALCL2NH2 + ALCL(S) => AL(D) + N(D) + ALCL(S) + 2HCL 1.720E+08 0.5 42000

ALCL2NHZ + NHZ (S) => N(D) +AL (D) + NH2 (S) + 2HCL 1.720E+08 0.5 42000

END
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ELEMENTS

HN TI CL

END

SPECIES

NH3 NZ TICL4 HCL TICL4NZHE6 TICL3 H2Z CLZ H CL TICL TICLZ TI

END

THERMO

TICL4NZHE TI 1CL 4N 2H 6G 300.000 5000.000 1000.00
1.92372093E+01 1.6€31€7938E-02-6.30634833E-0¢ 1.1272100€E-09-7.61€06145E-14

—-1.25860697E+05-5.7230€101E+01 1.32984738E+01 3.88107887E-02-3.81559203E-05
2.10993111E-08-4.75394515E-12-1.246095903E+05-2.82¢44077E+01

END

REACTIONS KJOULE/MOLE

TICL4 + 2ZNH3 => TICL4NZ2HE 1.75B+18 0.0 38.2

TICL4 => TICL3 + CL 2.32E+20 -1.17 387.9

TICL3 => TICLZ2 + CL 1.02E+18 -0.742 422.¢

TICLZ => TICL + CL 3.65E+20 -1.06 509.¢6

TICL4 + H => TICL3 + HCL 5.11E+06 2.5 12.¢6
TICL3 + H =» TICLZ2 + HCL 1.11E+06 2.5 33.5
TICL2 + H => TICL + HCL 3.05E+0¢ 2.5 145.2

TICL + H => TI + HCL 4. 09E+05 2.5 24.7

H + CL + M == M + HCL 7.20B+21 -2.0 0.0
2CL + M =M + CLZ2 2.00E+14 0.0 -7.5

H + HCL => H2 + CL 1.€9E+13 0.0 17.2

CL2 + H => HCL + CL 8.60E+13 0.0 4.905

2H + H2 => 2HZ2 9.70E+1le -0.6 O

HZ2 + M => ZH + M 2.20E+14 0.0 402.1

HCL + M =+ H + CL + M 7.90E+25 -3 445.¢6
CL + H2Z => H + HCL 2.95E+13 0.0 21.3

2H + M => HZ + M 6.53E+17 -1 0

END

TS P SV I
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SITE/TIN/

SDEN/1.318E-38/

N(s)/1/ TI(S)/1/ TICL3(S)/1/ TICL2(S)/1/ NH2(3S)/1/

END
BULK TI(D)/4.500/

BULK N (D) /1.374/END

THERMO

TI(S) 62987TI 1 e}

2.55958900e+00-1.
3.89021400e+04 5.
2.32234300e-09-1.
N(S)
2.55958900e+00-1.
3.859021400=+04 5.
2.32234300e-05-1.
TICLZ (S)

J14

06322400e-04
23452200e+00
70559900e-12
62987TN 1
06322400e-04
23452200e+00
70559500e-12
TI

1CL

7.20282800e-08-2.

2.73682500e+00-5.

3.88679500e+04 4.
G

7.20282800e-08-2.

2.73682500e+00-5.

3.88€79500e+04 4.
2 G

9.22517250e+00 8.98917361e-04-3.856€92482e-07 7.

—7.31586882e+04-1.52557384e+01 4.65587536e+00

2.68883110e—-08-7.46025276e—-12-7.23669824e+04 6.

TICL3(53)

J14

TI

1CL

3 G

9.22517250e+00 8.989173¢61e-04-3.856€92482e-07 7.

—7.31586882e+04-1.52557384e+01 4.65587536e+00

2.68883110e-08-7.4602527¢ce—-12-7.2366€9824e+04 6.

NH2 (S)
9.22517250e+00 8.
—7.31586882e+04-1.
2.68883110e—-08-7.
TI(D)
2.55958900e+00-1.
3.89021400e+04 5.
2.32234300e-05-1.
N (D)
2.55958900e+00-1.
3.89021400e+04 5.
2.32234300e-09-1.
END

J14 N

1H

2 G

98917361e-04-3.856€92482e-07
52557384e+01 4.65587536e+00
46025276e-12-7.236€69824e+04

62987TI 1
06322400e-04
23452200e+00
70559500e-12

62987TN 1
06322400e-04
23452200e+00
70559900e-12

REACTIONS JOULE/MOLE

TICL3 + NH2(S) =>
TICL4 + NH2(S) =>
NH3 + TICL2(S) =>
NH3 + TICL3(S) =>
END

G
7.20282800e-08-2.
2.73682500e+00-5.
3.88€79500e+04 4.

G
7.20282800e-08-2.
2.73682500e+00-5.
3.88679500e+04 4.

300.000 5000.000 &00.00
12110500e—-11 2.28942900e-15
91237400=e-04-4.03323800e-07
36388000=+00

300.000 5000.000 €00.00
12110500e-11 2.28942900e-15
91237400e-04-4.03393800e-07
36€388000=e+00

200.000 &000.000 800.00
03161823e-11-4.59177658e—-15

2.18510800e-02-3.€1191419e-05

14773433=+00
200.000 ©000.000 800.00
03161823e-11-4.59177658e-15

2.18510800e-02-3.€1191419e-05

14773433=+00

200.000 &000.000 800.00

.03161823e-11-4.59177€58e-15
2.18510800e-02-3.€1191419e-05
.14773433e+00

300.000 5000.000 €00.00
12110500e-11 2.28942900e-15
91237400e-04-4.03393800e-07
36€388000=e+00

300.000 5000.000 &00.00
12110500e—-11 2.28942900e-15
91237400=e-04-4.03323800e-07
36388000=+00

N(D) + TICLZ2(S) + HCL + 0.5HZ 1E+14 0.5 40740
N(D) + TICL3(S) + HCL + (0.5HZ 1E+14 0.5 40740
TI(D) + NHZ(S) + HCL + 0.5CLZ 1.8E+08 0.5 40740
TI(D) + NH2(S) + HCL + CL2 1.8E+08 0.5 40740
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