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Abstract 
Indium nitride has many applications as a semiconductor. High quality films of indium nitride can be 

grown using Chemical Vapour Deposition (CVD) and Atomic Layer Deposition (ALD), but the 

availability of precursors and knowledge of the underlaying chemical reactions is limited. In this study 

the gas phase decomposition of a new indium precursor, N,N-dimethyl-N',N''-diisopropylguanidinate, 

has been investigated by quantum chemical methods for use in both CVD and ALD of indium nitride. 

The computations showed significant decomposition at around 250°C, 3 mbar indicating that the 

precursor is unstable at ALD conditions. A computational study of the surface chemical mechanism of 

the adsorption of trimethylindium and ammonia on indium nitride was also performed as a method 

development for other precursor surface mechanism studies. The results show, in accordance with 

experimental data, that the low reactivity of ammonia is a limiting factor in thermal ALD growth of 

indium nitride with trimethylindium and ammonia. 

Abbreviations 
ALD – Atomic Layer Deposition 

CVD – Chemical Vapour Deposition 

CDI – N',N''-diisopropylcarbodiimide 

DMI – Dimethylindium (In(CH3)2) 

GGA – Generalized gradient approximation 

guan – N,N-dimethyl-N',N''-diisopropylguanidinate 

III-N – Group 13 (Al,Ga,In) nitrides   

LDA – Local Density Approximation 

MMI – Monomehtylindium ((In(CH3)) 

PES – Potential energy surface 

PVD – Physical Vapour Deposition 

STP – Standard temperature and pressure (298.15 K = 25°C, 1 atm) 

TMI – Trimethylindium (In(CH3)3) 

TST – Transition state theory 
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1 Introduction 
The nitrides of the group 13 metals aluminium, gallium and indium, called III-V nitrides or III-N for 

short, have in the last couple of years risen to become very important compounds in the semiconductor 

industry. They can be used as the pure nitrides or as binary or tertiary alloys to get different properties 

such as band gap, electron mobility or effective electron mass. Indium nitride (InN) has the smallest 

band gap, around 0.7 eV, and the highest electron mobility of the all III-N making it an important 

material in future high frequency transistors. [1–3] 

As with the other III-N, thin films of InN can be grown using a variety of vapour deposition 

techniques, both physical vapour deposition (PVD) such as magnetron sputtering and molecular beam 

epitaxy, or chemical vapour deposition (CVD) including atomic layer deposition (ALD). [4,5]  

1.1 Vapour Deposition 
Vapour deposition techniques are a broad class of methods where thin films are grown by depositing 

material from a gas phase. Depending on the bonding type of the deposited material with the 

substrate/film vapour deposition is divided in two classes physical vapour deposition (PVD) where the 

film is grown with only physical means and chemical vapour deposition (CVD) where the film is 

grown by also using chemical methods. [6] 

In CVD the film is made by letting the substrate react with a gas consisting of precursor molecules 

containing the desired elements to be deposited into the film. Precursors are used instead of the pure 

elements manly to enhance the volatility or reactivity of the species. The precursor vapour is 

introduced in the reactor with an inert carrier gas. As the precursors enter the reactor chamber, energy 

is applied, e.g. in the form heat, plasma, light (photons), and the precursors then decomposes in the gas 

phase or on the surface. They deposit the wanted elements and unwanted by-products desorb and are 

removed from the reactor with the carrier gas, Figure 1.1. [7] 

 
Figure 1.1. Schematic view of a CVD process of a binary film. 

Atomic layer deposition (ALD) is a special type of CVD where the film is grown one monolayer a 

time. To achieve the layer by layer growth the precursors are introduced one at a time into the reactor 

Precursor gas enters 

Gas phase reactions 

Adsorption/desorption reactions  Diffusion and nucleation 

Byproduct desorption 
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with an inert gas purge between them. This eliminates the possibility for the precursors to react in the 

gas phase and thus they can only react with the surface. ALD shall also be self-limiting, meaning that 

the precursor only shall react with a surface terminated with the other precursor, so after the surface 

has been totally filled with one precursor no furtherer grow occur until the other precursor is 

introduced. To achieve the self-limiting chemistry the temperature in ALD is lower than CVD, for 

example ALD of In2O3 uses temperatures up to 250°C while CVD uses temperatures in the range 250-

500°C. The lower temperatures hinder the precursors to decompose into too reactive species that start 

to grow on each other. For a binary compound as InN the full ALD cycle consist of two half cycles 

(the indium cycle and the nitrogen cycle) where the reactor is filled by one of the precursors followed 

each by a purge step to remove all unreacted precursor and by-products. [8,9] 

1.2 The guanadinate ligand 
Metal guanadinates have been used as both CVD and ALD precursors for many different metals and 

precursor system, including the III-N. [10,11] The common structure of the different guanadinates is 

given in Figure 1.2a. As the negative charge can resonate between the two nitrogen atoms, the 

guanadinate can chelate on to a metal centre. In this case the bonds between guanadinate and metal 

becomes longer than a covalent metal nitrogen bond but shorter than a coordinating metal nitrogen 

bond, Figure 1.2b. The guanadiante could also bind in a dimeric fashion where each guanadinate 

bonds to two different metal atoms and each metal binds to two guanadinates, Figure 1.2c, as with the 

chelating case, the bond lengths fits between a covalent and a coordinating bond. 
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Figure 1.2. Schematic guanadinate structure (a) and different metal guanadinate bonding styles (b, c). 

Aluminium guanadinates has a major thermolysis pathway; deinsertion of a carbodiimine, where the 

amine group migrates to the metal centre followed by a release of the carbodiimine. If there exists a β-

hydrogen at the R2 groups (Figure 1.2a) another pathway could also exist; β-hyrdide elimination, 

wherethe β-hydrogen can migrate to the metal centre releasing an oxidized guanidine. [12] 

A guanadinate precursor which has previously been used for both CVD and ALD of indium oxide and 

for CVD of indium nitride is Tris-N,N,-dimethyl-N′,N″-diisopropylguanidinatoindium(III) (In(guan)3) 

(Figure 1.3a). [13,14] The crystal structure of In(guan)3 is similar to that of Al(guan3), where three 

guan ligands chelate onto the metal centre. [13,15] Due to the similarity in structure and since the 

group 13 metals share similar chemical properties, In(guan)3 is expected to decompose in a similar 

fashion to aluminum guanadinate. Thus, the deinsertion and, since there exists β-hydrogen at the 

isopropyl groups, the β-hydrogen elimination is expected to be major decomposition pathways. Figure 

1.3b-d shows the structure formulas for the guandainate ligand, deinserted N',N''-

diisopropylcarbodiimide (CDI) and the oxidized N,N-dimethyl-N''-isoproyl-N'-isopropylidene-

guanidine (ox-guan). [12] 
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Figure 1.3. Structure formulas for (a) In(guan)3 (b) guan (c) CDI and (d) ox-guan. 

1.3 Trimethylindium and ammonia 
The most typical example of ALD growth is the use of trimethylaluminium (TMA) and water (H2O) to 

achieve Al2O3. The growth cycle starts of TMA reacting with free hydroxyl groups on surface during 

the TMA pulse, releasing methane in the process and leaving an aluminiummethyl covered surface. 

The next growth stage is the exchange of the surface methyl with water recreating surface hydroxyls 

and also releasing methane and the process can be repeated. [9] The corresponding system for the 

ALD growth of InN is then to use trimethylindum (TMI) as indium precursor and ammonia (NH3) as 

nitrogen precursor. A limitation of this system is that NH3 is much less reactive towards the TMI than 

H2O, the temperature at which this reaction become viable is high enough to start self-deposition of 

TMI. [4] 

Even though this precursor system has limited use, the small precursor molecules could be useful in 

modelling as there are very few side-reactions that can occurs. Thus, modelling becomes quite 

straightforward with not too many possible structures and can be used as a method development and 

comparison. 

1.4 Aim 
A problem when growing InN films using CVD and ALD techniques is the incorporation of unwanted 

elements in the films. Oxygen and carbon poses a big problem since nitrogen cannot efficiently break 

an indium oxygen or indium carbon bond, limiting the use of precursors to not contain indium oxygen 

or indium carbon bonds. In(guan)3 does not contain any indium oxygen or indium carbon bonds, nor 

oxygen atoms at all, and may thus be a suitable InN ALD precursor.  

The details of many of the chemical reactions pathways for CVD or ALD reactions are unknown and 

the conditions in the reactor make in situ measurements complicated, especially in CVD where more 

reactions are taking place simultaneously at higher temperatures. Thus, modelling plays an important 

role in the understanding of CVD or ALD. By modelling decomposition pathways and adsorption 
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mechanics more detailed knowledge on how to design better precursor or which conditions that are 

best can be achieved. [16] 

The thesis is divided in two parts, the gas phase decomposition of In(guan)3, Section 3.1, and ALD 

surface growth mechanics of InN using Trimethylindium (TMI) and ammonia (NH3), Section 3.2 and 

3.3. 

2 Computational methods 

2.1 Quantum chemistry 
In quantum chemistry the Schrödinger equation for all electrons in a molecule is solved to get the 

electron wave function and hence the electronic structure. From the electron wave function the 

systems electronic energy can be calculated and by optimizing the atomic position towards a stationary 

point on the potential energy surface (PES) in a molecule, its equilibrium or transition state structure 

can be obtained. At a stationary point the force matrix or Hessian is calculated, diagonalized and 

weight averaged. From the Hessian vibrational mode frequencies can be calculated. For an equilibrium 

structure, being a minimum on the PES, all vibrational frequencies should be positive while for a 

transition state structure, being a 1st order saddle point on the PES, one (and only one) frequency must 

be negative. To be the correct transition state the mode with negative frequency shall correspond to a 

vibration that follow the structural change from reactant to product. From the vibration modes the 

partition function of the molecule can be calculated from which many thermodynamic properties like 

enthalpy (𝐻), entropy (𝑆), Gibbs free energy (𝐺) and chemical potential (𝜇) can be derived. 

By knowing the free energy for all species in a system the system’s equilibrium composition could be 

calculated by minimizing the systems free energy 𝐺𝑆 = ∑ 𝑛𝑖𝜇𝑖𝑖 , where 𝑛𝑖 is the amount of species i 

and 𝜇𝑖 is the chemical potential of species i. The rate of a reaction can be calculated by transition state 

theory (TST) by the free energy for the transition state Δ‡𝐺 along the reaction path. 

A direct analytic approach to solve the Schrödinger equation is impossible since it poses a many-body 

problem. Instead approximations are used, the first being the Born-Oppenheim approximation (BO) in 

which the atomic nuclei are assumed stationary with respect to the movement to the electrons. The 

approximation separates the wave function into two parts, one electronic and one nucleonic.  

Another approximation is the density functional theory (DFT). The theory is based on a theorem by 

Hohenberg and Kohn [17] in which they state that the electronic energy of the ground state is given by 

a functional of the electronic density. Kohn and Sham [18] extended the theory to use a non-

interacting particle system in a potential instead of an interacting particle system. The potential of this 

auxiliary system is expressed by two terms, the kinetic energy of non-interacting particles and the 

particle interaction. The interaction term contains a term from the nuclei, a potential from the electron 

density and 𝐸𝑋𝐶  which is the potential created from the particle interactions. 

The main part of DFT improvement has been to find this unknown 𝐸𝑋𝐶  potential. There exist different 

methods for estimating 𝐸𝑋𝐶 , for example local density approximation coming from the free electron 

gas in which 𝐸𝑋𝐶  only depends on the local value of the density (LDA). An improvement is to include 

gradients in 𝐸𝑋𝐶  giving the generalized gradient approximation (GGA). Another improvement is the 

hybrid DFT methods which includes exact Hartree-Fock exchange to reduce to overbidding from LDA 

and GGA. 

In quantum chemistry, the orbitals from the Schrödinger equation are expressed as a linear 

combination of a set of functions, called the basis set. To be able to fully express the orbitals the basis 

set must be complete, that is the basis set must consist of an infinite number of functions. This is 

unpractical and instead a finite basis set is used, which could give errors since the basis may not be 

able to fully express the desired orbitals. 
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A common type of basis functions are Gaussian type orbitals (GTO) centred at each nucleus,  

𝜒𝜁,𝑛,𝑙,𝑚(𝑟, 𝜃, 𝜙) = 𝑁𝑌𝑙,𝑚(𝜃, 𝜙)𝑟2𝑛−2−𝑙𝑒−𝜁𝑟2
 

𝑌𝑙,𝑚 the spherical harmonic function, determines the shape of the orbital (i.e. s p d etc.) and 𝜁 the 

radial decay parameter. The smallest possible set of basis functions has one basis for each orbital, i.e. 

one s-function for H and He, two s-functions for Li and Be, two s-functions and three p-functions for 

B-Ne and so on. When using these minimal basis sets there are problems when trying to express 

different electronic structures around a single atom. For example, a σ-bond is described by a high 

radial decay localizing 𝜁 the electrons to the bond while a diffusely bonded electron in an anion has a 

low decay 𝜁. A workaround is to double the number of basis functions, making a double-zeta (DZ) 

basis set. To get even more accurate orbitals, basis functions of higher angular momentum are added 

to be able to polarize the electrons in a bond. Similarly functions with low decay 𝜁 may be added to 

enabling description of diffuse electron clouds. 

All quantum chemical calculations of gas phase reactions were carried out with the Gaussian09 

software[19]. Geometry optimization and frequency calculations were performed using the hybrid 

DFT functional B3LYP and a basis set combination consisting of the Los Almos double-zeta basis 

with associated effective core potential (lanl2dz) for indium and the 6-31G+(d,p) for lighter elements. 

[20,21] 

2.2 Periodic systems 
When applying the normal basis set approach on periodic structures such as crystals or surfaces a 

problem with how to treat the (pseudo-)infinite number of atoms and thus basis function arises. One 

approach is to take a large cluster of the structure and treat it as a molecule. This approach has the 

problem that often a large cluster must be used which will lead to a huge computation load.  

Another approach is to use the periodicity as an advantage. As the structure is periodic so is the 

potential applied to the electrons in the system and the Bloch theorem can be applied to the wave 

functions. The wave functions can then be expressed as a product of a plane wave and a lattice 

periodic function  𝜓�⃗� 
(𝑟 ) = exp(𝑖�⃗� ⋅ 𝑟 ) 𝑢�⃗� 

(𝑟 ). The periodic function can then be written as a Fourier 

series as 𝑢�⃗� 
(𝑟 ) = ∑ (𝑐�⃗� (𝐺

 ) exp(𝑖𝐺 ⋅ 𝑟 ))𝐺 . Combining that expression with the wave function gives a 

planar wave expression for the wave function 𝜓�⃗� 
(𝑟 ) = ∑ (𝑐 �⃗� (�⃗�

 + 𝐺 ) exp(𝑖(�⃗� + 𝐺 ) ⋅ 𝑟 ))𝐺 . The 

Fourier series is infinite, but the most interesting plane waves are those with lower kinetic energy and 

thus a cutoff energy is introduced and all wave functions with higher kinetic energy is omitted giving a 

finite basis set. 

Another problem that arises is that the wave function must be expressed in an infinite number of 

reciprocal vectors in the first Brillion zone. The problem is overcome by sampling the wave function 

by a weighted average on a fixed set of special k-points, the k-point mesh. 

The electrons close to the nuclei has high kinetic energy and to express these in a good enough manner 

a high cutoff energy must be used. Since these electrons a closely bonded to the nuclei and are thus a 

chemical unimportant part of the system and many basis functions will then be used to express this 

unimportant part. As these electrons do not significantly contribute to or depend on the system these 

electrons could be replaced with an effective potential, the pseudo potential. The inclusion of pseudo 

potentials reduces the number of electrons needed to be expressed in the system and reduces the cutoff 

energy. 

When modeling a surface, the periodicity in the z-direction becomes a hindrance. The ideal surface 

contains of a (pseudo-)infinite number of atom layers downwards and a (pseudo-)infinite amount of 

vacuum above and this is not compatible with the periodic boundary. Instead the surface is modeled 

by a slab of a fixed number of atom layers and a fixed vacuum distance. The number of atom layers 
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must then be chosen so they approximate the infinite bulk well enough. By periodicity of the 

z-direction the structure becomes repeated on top of each other in a sandwich manner and a large 

enough distance must then be chosen to minimize the interactions between the slabs. 

All surface calculations were carried out with the CASTEP software [22]. Geometry optimization 

where preformed using the general gradient approximation DFT functional PBE [23] an energy cut-off 

of 310 eV and ultrasoft pseudo potentials. Due to an observed large underestimation of the crystal cell 

size when treating the 3d-electrons in indium as core electrons a slightly harder 13 valance electron 

pseudo potential had to be used. 

3. Results and discussion 

3.1 In(guan)3 decomposition 

3.1.1 Gas phase decomposition 
Different gas phase decomposition and gas phase abstraction products of In(guan)3 was investigated, 

Scheme 3.1. The investigated pathways were homo- and heterolytic bond cleavage of the In-guan 

bond, abstraction of a hydrogen or ammonia, hydrogen or ammonia ligand exchange, CDI deinsertion 

from a guan and β-hydrogen elimination from a guan. Reactions with co-reactants was included to see 

if the CVD and ALD pathways differed. Thermodynamic properties of all reactions were calculated at 

STP (25°C, 1 atm) and at ALD like conditions (140-240°C, 3 mbar) and are given in Table 3.1 and 

Table A.1. 

 
Scheme 3.1. Investigated gas phase reaction of In(guan)3. 

The bond cleavage reactions (Table 3.1, BC1 and BC2) were highly endothermic and even though the 

entropy was increased by increasing the number of particles, the low temperature in the ALD process 

makes the enthalpy the dominating factor in the free energy, strongly favouring the undecomposed 

reactants. The homolytic bond cleavage (BC1) was much lower in both enthalpy and free energy 

compared to the heterolytic (BC2). The abstraction (AH1, AH2, AN1 and AN2) reaction behaved 

similarly but with even higher enthalpy. The ligand exchange reactions (XH1, XN1, XN2) were found 

to be somewhat endothermic, except for the exchange of a dimethylamido ligand for an amido ligand 

which was very weakly exothermic. The entropy was increased for all exchange reaction causing the 

reaction free energy to become almost zero at higher ALD temperatures. The free energy change for 

the dimethylamido-amido exchange was found to be weakly negative and the temperature had a minor 

effect on the value. 
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While both the deinsertion (Deins) and β-hydrogen elimination (BetaE) were found to be endothermic 

the entropic effects caused the deinsertion to be exergonic at all studied ALD temperatures while the 

β-hydrogen was endergonic at lower ALD temperatures and changed to exergonic between 

280-320°C. From the energies, it was concluded that the most viable reaction was the deinsertion of 

CDI from one of the guanadinate ligands and this reaction was studied further. 

Table 3.1. Reaction enthalpy and free energy for gas phase decomposition of In(guan)3 at 240°C and 

3 mbar. 

Reaction 

ID 

Reaction formula  ΔrH ΔrG 

Deins In(guan)3 ⟶ In(guan)2N(CH3)2 + CDI  135.8 -33.2 

BetaE In(guan)3 ⟶ In(guan)2H + ox-guan  174.1 14.2 

BC1 In(guan)3 ⟶ In(guan)2
⋅ + guan⋅  331.6 166.7 

BC2 In(guan)3 ⟶ In(guan)2
+ + guan−  604.1 443.4 

AH1 In(guan)3 + H2 ⟶ In(guan)2
⋅ + Hguan + H⋅  396.7 241.9 

AH2 In(guan)3 + H2 ⟶ In(guan)2
+ + Hguan + H−  904.0 755.5 

AN1 In(guan)3 + NH3 ⟶ In(guan)2
⋅ + Hguan + NH2

⋅   395.0 229.8 

AN2 In(guan)3 + NH3 ⟶ In(guan)2
+ + Hguan + NH2

−  737.8 578.8 

XH1 In(guan)3 + H2 ⟶ In(guan)2H + Hguan  73.7 11.4 

XN1 In(guan)3 + NH3 ⟶ In(guan)2NH2 + Hguan  64.8 15.5 

XN2 In(guan)2N(CH3)2 + NH3 ⟶ In(guan)2NH2 + NH(CH3)2  -4.0 -8.1 

 

3.1.2 CDI deinsertion 
The mechanism of the deinsertion was assumed to follow a similar path insertion of CDI onto TMA 

investigated earlier. [24] Similar stationary points were obtained along the path indicating that the 

mechanism is viable. 

The reaction path consists of 6 stationary points: The undecomposed In(guan)3, a dechelation 

transition state, a rotated intermediate, a migration transition state, CDI adduct and separated 

In(guan)2N(CH3)2 and CDI. Each stable structure was verified to have no imaginary frequencies and 

each transition state was verified to have one imaginary frequency laying in direction of the reaction 

path. The free energies for the stationary points of the reaction path is given in Table A.2 and plotted 

at 240°C, 3 mbar in Figure 3.2. The structures for the stationary points are given in Figure A.2. 

In(guan)3. In undecomposed In(guan)3 the guanidinate ligands were positioned symmetrically around a 

C3-axis. The indium nitrogen bonds showed a mixture of a coordinating and a covalent bonding 

(2.24 Å). The bulky isopropyl groups caused the structure to become a densely packed ball covering 

the indium atom.  The structure is similar to the previously obtained crystal structure (Figure A.1). 

[13] 

Chelation‡. During the chelation one of the formamidine nitrogen detaches from the indium and 

rotates away while the dimethylamine nitrogen rotates toward the indium atom. Both nitrogen atoms 

were approximately at the same distance from the indium centre (3.58 Å respectively 3.77 Å). The 

remaining formamidine nitrogen was drawn closer to the indium atom forming a covalent bond 

(2.06 Å). The chelation free energy barrier was 130.9 kJ/mol at lower ALD temperatures (160°C) and 

decreases uniformly very slightly to 128.5 kJ/mol at higher ALD temperatures (320°C). 
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In(guan)3 Chelation‡ Intermediate Migration‡ Adduct Separated 

Figure 3.2. Free energy profile for the deinsertion reaction at 240°C and 3 mbar. Blue atoms are 

nitrogen, black atoms are carbon, magenta atoms are indium and white atoms are hydrogen. 

Intermediate. The metastable intermediate was formed after furtherer rotation allowing the lone pair 

on the dimethyl amine to coordinate to the indium centre. As the structure was sterically relaxed the 

covalent nitrogen indium bond was somewhat elongated (2.11 Å). As the free energy difference 

between In(guan)3 and the intermediate was approximately 30 kJ/mol, the low temperature makes 

In(guan)3 much more thermodynamically favourable (Table A.3). 

Migration‡. During the migration the dimethylamine nitrogen approached the indium centre to form a 

covalent bond instead of coordinating (2.59 vs. 2.11 Å) while the previously covalent bond between 

the formamidine nitrogen and indium elongates to a coordinating bond (from 2.11 to 2.49 Å). At the 

same time, the bond between the dimethylamine nitrogen and the central carbon elongates and splits, 

while a second double bond was formed between the carbon and the amidine coordinating to the 

indium. The migration free energy barrier was, at 146.1 kJ/mol, somewhat higher (15.2 kJ/mol) than 

the chelation barrier at lower ALD temperatures (160°C). As the temperature is increased this 

difference decreases (10.4 kJ/mol at 320°C). This indicates that at lower temperatures the rate of 

re-chelation would be higher than the rate of migration and that the difference in rates lowers as the 

temperature increases. 
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Adduct. The adduct had significantly higher electronic energy, enthalpy and free energy than In(guan)3 

and the intermediate. The energy difference could be explained by steric hindrance between the 

isopropyl groups on the CDI and the two other still intact guanidinates. This pushed the CDI away 

from the indium atom (3.97 Å) making a very coordination between the lone-pair on the CDI nitrogen 

and indium atom. 

Separated. Separation of the adduct into In(guan)2 and CDI caused a slight increase in the electronic 

energy and enthalpy, but entropic factors permitted a significant drop in the free energy. As the 

temperature increases the free energy decreased further, from 13.1 kJ/mol at 100°C to -52.9 kJ/mol at 

300°C. At standard temperature and pressure, In(guan)3 had the lowest energy, but at approximately 

240 °C at 3 mbar the separated products became lower in free energy. This confirms that the driving 

force of CDI elimination is an increase in entropy. 

After one guanadinate ligand has been deinserted there is a possiblilty of a deinsertion form a second 

ligand. The energy for deinsertion of a second CDI is given in Table A.4. The free energy was slightly 

higher for the second elimination compared with the first and the difference increases with increased 

temperature (11.0 kJ/mol at 100°C to 16.2 kJ/mol at 300°C). Similarly, to the first deinsertion the 

second is also endergonic at lower ALD temperatures and exergonic at higher, with the change 

occurring at 260-270°C. 

3.2 Indium nitride slab convergence 
Before calculations on the surface could be achieved a slab had to be chosen that shows convergence 

with respect to the number of layers and vacuum distance. Since adsorption energies and structures 

was of interest the reaction electronic energy of the exchange of a hydrogen terminated In-site with an 

ammonia terminated In-site  

├H(ads) + NH3(g) → ├NH2(ads) + H2 

was chosen as an indicator for the convergence. 

  
Figure 3.3. Top (left) and side (right) view of the hydrogen terminated surface used for calculations 

Blue atoms are nitrogen, magenta atoms are indium and white atoms are hydrogen. 

The cell used for calculations was a rectangular cuboid with measurements 𝑎 = 7.16 Å, 𝑏 = 6.20 Å 

and 𝛼 = 𝛽 = 𝛾 = 90° giving the cell four adsorption sites, Figure 3.3. This allowed the NH2 to be 

isolated from any neigbouring NH2 on the surface minimizing error due to nearest neighbour 

interactions. The bottom layer was saturated with hydrogen to minimize artificial dipole forces arising 

from the slab. The energies of the gaseous hydrogen and ammonia were calculated in a cube with 10 Å 

side. All calculations used the Γ-point as the only k-point. 
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The vacuum distance was set to 20 Å and the number of slab layers was varied from 1 to 8. Each 

structure was optimized with hydrogen termination on all sites and a NH2 termination on a single site 

with the remaining sites hydrogen terminated (Θ(NH2) = 0.25). The energies are given in Figure 3.4. 

The figure shows that the electronic energy decreases steadily after 2 layers and seems to converge 

after 5-6 layers, indicating that 6 layers seems optimal for accurate energies. The small energy 

fluctuations after 6 layers are so small (< 1 kJ/mol) that these are most certain only random effects. 

 
Figure 3.4. Electronic energy for different number of slab layers. 

 
Figure 3.5. Electronic energy for different vacuum distances. 

The 6-layer slab was then optimized with different vacuum distances between 10 and 26 Å. As before 

both fully hydrogen terminated and Θ(NH2) = 0.25 surfaces were used. The electronic energy is 

given in Figure 3.5. The figure shows that the energy is decreasing very slowly as the vacuum distance 
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is increased and that the change is largest at lower distances. As the change in energy was less than 

0.5 kJ/mol above 20 Å, a vacuum distance of 20 Å was chosen for the further calculations. 

3.3 ALD adsorption mechanics of TMI and NH3 on InN 
The surface slab was then used to get an ALD adsorption path for the precursor system TMI+NH3. 

The full ALD cycle, Scheme 3.2, consist of 4 different main stages: 

1. NHx terminated surface. 

2. TMI adsorption mechanism. 

3. In(CH3) terminated surface. 

4. NH3 adsorption mechanism. 

NHx

In

NHx
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InIn

NN
In

CH3

TMI

NH
3
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NHx
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NHx
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NH3

InIn
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Scheme 3.2. ALD cycle for InN growth by TMI and NH3 

At the low ALD temperatures and without possible co-reactants in the gas phase it is expected that the 

precursors TMI and NH3 would arrive to the surface mainly undecomposed, and thus no gas phase 

decomposition was studied. As a fully perfect ALD process was assumed, each terminated surface 

termination was fully covered. 

3.3.1 NHx terminated surface 
The electronic energy was calculated for different types of NHx terminated surfaces, Table 3.2 and 

their structure are given in Figure 3.6. NH2 was able to adsorb straight atop an indium centre NH2(1a), 

or bridge between two indium centres NH2(2b). It was also found that the straight adsorbed NH2(1a) 

could rotate into a hydrogen bonding zig-zag structure NH2(1h), Figure A.3 shows the hydrogen bond 

pattern. Out of these the hydrogen bonded NH2(1h) had the lowest electronic energy and the bridging 

had the highest. NH was found to be stable bridging 3 indium atoms NH(3s) in a staggered pattern. To 

be able to compare the energy of the NH2 and NH terminated surfaces the energy of 1/2 H2 for each 

site was added to the energy of the NH structures.  

𝐸𝑐𝑜𝑟𝑟 = 𝐸 +
𝑛

2
𝐸𝐻2

 

𝐸 is the electronic energy of the surface, 𝐸𝐻2
 is the electronic energy of H2 in gas phase and is the 

number of hydrogen needed to correct the formula. The NH2 terminated surfaces have much lower 

electronic energy than the NH terminated. The large difference (200 kJ/mol) is also large enough to 

expect that the increased entropy of the release of hydrogen would not be able to alter which surface 

had the lowest energy. 
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NH2(1a) NH2(2b) NH2(1h) NH(3s) 

Figure 3.6. Structures of NHx terminated surfaces in top (top) and side (bottom) view. Blue atoms are 

nitrogen, magenta atoms are indium and white atoms are hydrogen. 

Table 3.2. Electronic energy of different NHx surface terminations. Energy given relative to the 

energy of NH2(1h). 

Surface termination Relative electronic energy (kJ/mol) 

NH2(1a) 7.6 

NH2(2b) 15.3 

NH2(1h) 0.0 

NH(3s) 232.4 

 

3.3.2 TMI adsorption mechanics 
The surface for adsorption of TMI was chosen to be the NH2(1h)-terminated due to it having the 

lowest electronic energy. The low temperature and the absence of co-reactants in the gas phases makes 

the TMI molecules approach the surface undecomposed. The proposed adsorption path consists of 8 

stages. Table 3.3 and Figure 3.8 shows the energies of the adsorption path. 

Table 3.3.  Electronic energy of TMI adsorption pathway. Energies are given in kJ/mol relative to 

NH2(1h) surface and gas phase TMI. 

 Electronic energy (kJ/mol) 

Pre-adsorption 0.0 

Physisorbed TMI -112.3 

1st elimination‡ 5.3 

Chemisorbed DMI + CH4(ads) -179.2 

Chemisorbed DMI + CH4(g) -146.3 

2nd elimination‡ + CH4(g) 29.2 

Chemisorbed MMI + CH4(ads) + CH4(g) -205.2 

Chemisorbed MMI + 2CH4(g) -168.1 

Physisorbed TMI. The first stage of the adsorption process is a physisorption between TMI and the 

surface. As the TMI molecule approaches the surface the free electron pair on one of the surface 

amino groups can interact with the empty orbital on the indium atom forming an adduct. The structure 

forms a coordinating bond (2.30 Å) between the indium and amino nitrogen and the TMI molecule 

changes from its planar gas phase structure to a more pyramidal structure as the electrons from the 

amino nitrogen repels the electrons in the methyl bonds. The TMI molecule disrupts the network of 

hydrogen bonds previously present on the NH2(1h) surface. The adduct formation is quite strongly 

exoenergetic (-112.3 kJ/mol) indicating that without vibrational effects the adduct is more favourable 

than the unabsorbed species. The effect of entropy is expected to shift the reaction towards the 
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reactants, but the low electronic energy still makes it possible for the physisorbtion to be possible at 

higher temperatures. 

1st methane elimination‡. The adduct structure has one of the methyl groups in close proximity of a 

neighbouring surface amino group. A hydrogen is then able to migrate to the methyl group forming 

methane while the rest of the TMI molecule migrates towards the neighbouring amino group starting 

to form a bond between the nitrogen and the indium atom. The electronic energy for the transition 

state is just slightly higher than for the non-adsorbed system (5.3 kJ/mol). 

Chemisorbed DMI. The chemisorbed dimethylindium (DMI) is located in the middle between the 

coordinating amino group (2.26 Å) and the covalent neighbouring amino group (2.18 Å), and the 

structure is almost unchanged as the weakly physisorbed methane desorbs. While the electronic energy 

is slightly increased as the methane desorbs (with 32.89 kJ/mol) the overall electronic energy for the 

structure (-146.3 kJ/mol) is lower than for both the physisorbed and the non-adsorbed systems. 

2nd methane elimination‡. As with the 1st methane elimination the chemisorbed structure also has a 

methyl group in close proximity with another neighbouring amino group. Thus, another hydrogen can 

migrate on to the methyl forming methane and the rest of the DMI approaches the amino nitrogen. The 

electronic energy for this elimination is slightly higher than for the 1st elimination indicating that the 

2nd elimination is expected to occur with a slower rate. 

 

A B C D E F G H 

Figure 3.8.  Electronic energy profile of TMI adsorption on NH2(1h)-InN. Blue atoms are nitrogen, 

black atoms are carbon, magenta atoms are indium and white atoms are hydrogen. 
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Chemisorbed MMI. The monomethylindium (MMI) adsorbate is located at almost equal distance from 

its two covalently bonded amino nitrogen (2.13 and 2.15 Å) and slightly furtherer away from its 

coordinating nitrogen (2.27 Å). The remaining methyl group is pointing perpendicular to the surface 

and is thus inaccessible for elimination by surface hydrogens. As in the DMI case the structure is 

almost unchanged when methane desorbs. The change is electronic energy is increased slightly more 

than for DMI when methane is released (37.1 kJ/mol). The electronic energy (-168.1 kJ/mol) is still 

lower for the chemisorbed DMI (without methane), physisorbed and non-adsorbed systems. 

3.3.3 InCH3 terminated surface 
As no other eliminations can occur from the MMI chemisorption this species was assumed to be the 

main structure of the TMI terminated surface. As with the NHx termination total surface coverage was 

assumed. The fully covered surface, shown in Figure 3.9, has the methyl groups pointing almost 

perpendicular from the surface with a covalent bond to the indium centre (2.20 Å). The indium atom is 

located in the middle between its 3 closest nitrogen atoms close to the expected lattice position. 

 

 

Figure 3.9. TMI terminated InN surface in top (left) and side (right) view. Blue atoms are nitrogen, 

black atoms are carbon, magenta atoms are indium and white atoms are hydrogen. 

3.3.4 NH3 adsorption mechanics 
As with the TMI adsorption, the low temperature and lack of co-reactants makes the NH3 molecules 

approach the surface undecomposed. The adsorption of ammonia has three main steps, physisorption, 

exchange transition state and chemisorption. The energy for the adsorption mechanism is given in 

Table 3.4 and Figure 3.10. 

Table 3.4.  Electronic energy of NH3 adsorption pathway. Energies are given in kJ/mol relative to 

TMI covered surface and gas phase NH3. 

 Electronic energy (kJ/mol) 

Pre-adsorption 0.0 

Physisorbed NH3 -39.5 

Exchange‡ 273.6 

Chemisorbed NH3 + CH4(ads) -56.5 

Chemisorbed NH3 + CH4(g) -25.7 

Physisorbed NH3. The CH3-terminated surface is passivated by the inert methyl groups making the 

NH3 only weakly physisorbed to the surface. The surface is almost unchanged when NH3 approaches 
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and the electronic energy of adsorption is -39.5 kJ/mol. The NH3 is positioned between three methyl 

groups with its lone electron pair positioned downwards towards the surface.  

Exchange‡. As the NH3 adsorbent is drawn closer to the surface it starts to displace one to the methyl 

surface ligands. At the same time one of the hydrogen atoms from NH3 starts to transfer to the methyl. 

The energy barrier for this exchange is quite high (273.6 kJ/mol relative to pre-adsorption) and the rate 

of the exchange is expected to be quite slow. 

 

A B C D E 

Figure 3.10. Electronic energy profile of NH3 adsorption on TMI terminated InN. Blue atoms are 

nitrogen, black atoms are carbon, magenta atoms are indium and white atoms are hydrogen. 

Chemisorbed NH2. After the exchange, the amino group is located straight above the indium 

adsorption site. The structure is almost unchanged as the methane desorbs and the energy is slightly 

increased (30.7 kJ/mol), but the energy of the chemisorbed NH2 (-25.7 kJ/mol) is lower than the pre-

adsorption indicating an energetic favourable reaction. 

4 Conclusions 
The calculations for gas phase decomposition shows that In(guan)3 easily could decompose in ALD 

condition mainly by the deinsertion of CDI. The proposed pathway shows that the decomposition 

follows those of the smaller Al(guan)3 closely. Further the free energies of the different structures 
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show that at equilibrium most of the In(guan)3 exist in decomposed form at ALD temperatures 

indicating that the compound is expected to decompose in the bubbler or reactor before reaching the 

surface. That would lead to that ALD growth of InN by In(guan)3 is instead growth by 

In(guan)2N(CH3)2 or similar compounds. 

The different surface structures found for the NHx terminated surface could be very useful when 

designing new precursors. Different surface structures are expected to have different reactivity with 

different precursors and by knowing how the structures look precursors could be designed to be able to 

interact perfectly with the surface. A more in-depth study including vibrational calculation is needed to 

find how the composition of different structures depends on temperature. 

The growth mechanism for TMI was found to be release two methane molecules during the adsorption 

part, leaving the third inaccessible to reach by surface species. To be able to get the adsorption rate 

and equilibrium compositions vibrational calculations needs to be performed. The last methyl group is 

eliminated during the adsorption mechanism of NH3 to complete the ALD cycle. The computations 

show, in accordance with practical results, that the NH3 adsorption is the limiting step in the TMI/NH3 

growth and that a high temperature is needed to overcome the high transition state energy barrier. 

Since the computations showed results in agreement with experimental when predicting the reactivity 

of ammonia, the model can be carried out with other precursors to be able to explain the chemical 

process behind the adsorption during ALD. 
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Appendix 
Table A.1. Electronic energy, enthalpy and free energy for the investigate In(guan)3 decomposition 

reactions. Enthalpy and free energy at is at a) STP and ALD conditions 3 mbar and b) 160°C, 

c) 200°C, d) 240°C, e) 280°C and f) 320°C. 
Reaction 

ID 

 a) b) c) d) e) f) a) b) c) d) e) f) 

ΔrE ΔrH ΔrG 

Deins 152.0 137.1 136.4 136.1 135.8 135.4 135.0 52.4 -6.8 -20.0 -33.2 -46.4 -59.5 

BetaE 198.1 175.1 174.5 174.3 174.1 173.8 173.6 95.9 39.2 26.7 14.2 1.7 -10.7 
BC1 347.9 333.7 332.4 332.0 331.6 331.2 330.8 250.7 192.4 179.5 166.7 153.8 141.0 

BC2 623.0 606.5 605.0 604.6 604.1 603.7 603.2 525.8 468.6 456.0 443.4 430.9 418.4 

AH1 405.5 399.6 397.7 397.2 396.7 396.2 395.7 321.9 266.1 254.0 241.9 229.9 217.9 
AH2 906.4 907.5 905.2 904.6 904.0 903.4 902.8 833.0 778.8 767.1 755.5 744.0 732.4 

AN1 414.2 397.0 395.8 395.4 395.0 394.6 394.2 313.9 255.6 242.7 229.8 216.9 204.1 

AN2 751.6 740.3 738.8 738.3 737.8 737.3 736.8 660.5 603.6 591.2 578.8 566.4 554.0 

XH1 71.1 78.6 75.3 74.5 73.7 72.9 72.2 38.6 21.2 16.3 11.4 6.6 1.8 

XN1 67.7 65.3 64.8 64.8 64.8 64.7 64.8 36.2 23.2 19.4 15.5 11.7 7.8 

XN2 -6.0 -3.3 -3.8 -3.9 -4.0 -4.0 -4.0 -6.2 -7.4 -7.8 -8.1 -8.4 -8.7 

Table A.2. Free energy for the different stationary points during the deinsertion reaction at ALD 

pressure (3 mbar). All energies are given in kJ/mol relative to undecomposed In(guan)3. 

 In(guan)3 Chelation‡ Intermediate Migration‡ Adduct In(guan)2N(CH3)2 

+ CDI 

100°C 0 130.9 31.9 146.1 105.2 13.1 

110°C 0 130.8 31.7 145.8 104.5 9.7 

120°C 0 130.7 31.5 145.4 103.8 6.4 

130°C 0 130.5 31.3 145.0 103.1 3.1 

140°C 0 130.4 31.1 144.7 102.3 -0.2 

150°C 0 130.3 30.9 144.3 101.6 -3.5 

160°C 0 130.1 30.7 144.0 100.9 -6.8 

170°C 0 130.0 30.5 143.6 100.1 -10.1 

180°C 0 129.9 30.3 143.2 99.4 -13.4 

190°C 0 129.8 30.1 142.9 98.7 -16.7 

200°C 0 129.6 29.9 142.5 97.9 -20.0 

210°C 0 129.5 29.7 142.1 97.2 -23.3 

220°C 0 129.4 29.5 141.8 96.4 -26.6 

230°C 0 129.3 29.3 141.4 95.7 -29.9 

240°C 0 129.2 29.1 141.1 95.0 -33.2 

250°C 0 129.1 28.9 140.7 94.2 -36.5 

260°C 0 128.9 28.7 140.3 93.5 -39.8 

270°C 0 128.8 28.4 140.0 92.7 -43.1 

280°C 0 128.7 28.2 139.6 92.0 -46.4 

290°C 0 128.6 28.0 139.3 91.2 -49.6 

300°C 0 128.5 27.8 138.9 90.5 -52.9 
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Table A.3. Equilibrium constants in (mol dm-3)Δn for a) In(guan)3 ⇌ Intermediate, 

b) Intermediate ⇌ Adduct, c) Adduct ⇌ In(guan)2N(CH3) + CDI and  

d) In(guan)3 ⇌ In(guan)2N(CH3) + CDI. 
 a) (Δn = 0) b) (Δn = 0) c) (Δn = 1) d) (Δn = 1) 

100°C 3.43⋅10-5 5.40⋅10-11 7.76⋅108 1.44⋅10-6 

110°C 4.77⋅10-5 1.18⋅10-10 7.85⋅108 4.42⋅10-6 

120°C 6.54⋅10-5 2.48⋅10-10 7.93⋅108 1.28⋅10-5 

130°C 8.81⋅10-5 5.02⋅10-10 7.98⋅108 3.53⋅10-5 

140°C 1.17⋅10-4 9.83⋅10-10 8.01⋅108 9.23⋅10-5 

150°C 1.54⋅10-4 1.87⋅10-9 8.04⋅108 2.31⋅10-4 

160°C 1.99⋅10-4 3.44⋅10-9 8.05⋅108 5.51⋅10-4 

170°C 2.55⋅10-4 6.17⋅10-8 8.05⋅108 1.27⋅10-3 

180°C 3.23⋅10-4 1.08⋅10-8 8.04⋅108 2.80⋅10-3 

190°C 4.05⋅10-4 1.84⋅10-8 8.02⋅108 5.98⋅10-3 

200°C 5.03⋅10-4 3.08⋅10-8 7.99⋅108 1.24⋅10-2 

210°C 6.19⋅10-4 5.03⋅10-8 7.95⋅108 2.48⋅10-2 

220°C 7.56⋅10-4 8.07⋅10-8 7.91⋅108 4.83⋅10-2 

230°C 9.16⋅10-4 1.27⋅10-7 7.85⋅108 9.13⋅10-2 

240°C 1.10⋅10-3 1.96⋅10-7 7.80⋅108 1.68⋅10-1 

250°C 1.31⋅10-3 2.99⋅10-7 7.74⋅108 3.04⋅10-1 

260°C 1.56⋅10-3 4.47⋅10-7 7.67⋅108 5.35⋅10-1 

270°C 1.84⋅10-3 6.60⋅10-7 7.60⋅108 9.22⋅10-1 

280°C 2.15⋅10-3 9.61⋅10-7 7.52⋅108 1.56 

290°C 2.51⋅10-3 1.38⋅10-6 7.45⋅108 2.58 

300°C 2.91⋅10-3 1.96⋅10-6 7.37⋅108 4.19 

 

  
Figure A.1. Comparison of optimized structure (left) and crystal structure from [13] (right). Blue 

atoms are nitrogen, black atoms are carbon, magenta atoms are indium and white atoms are hydrogen. 
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Adduct Separated (CDI not pictured) 

Figure A.2. Optimized structures of stationary points along the deinsertion reaction. Blue atoms are 

nitrogen, black atoms are carbon, magenta atoms are indium and white atoms are hydrogen. 
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Figure A.3. Hydrogen bonding pattern of surface NH2 marked in yellow. Blue atoms are nitrogen, 

black atoms are carbon, magenta atoms are indium and white atoms are hydrogen. 


