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Abstract 
Chemical vapor deposition (CVD) and atomic layer deposition (ALD) are cor-
ner-stone techniques for depositing thin films in semi-conductor manufacturing. 
To deposit semiconductor grade materials, these techniques rely on high-perfor-
mance precursors. This thesis covers synthesis, characterization, and evaluation 
of 1,3-dialkyltriazenides of group 11–14 metals as precursors for CVD and 
ALD. 
 
Triazenides had previously not been used as precursors for ALD, nor any other 
CVD process. The gallium and indium triazenides were used for ALD of in-
dium- and gallium nitride and yielded materials of superior quality over other 
precursors. The success of these precursors sparked subsequent investigation 
into triazenides of zinc, and the group 11- and 14 metals. These triazenides 
showed high volatility and thermal stability making them highly interesting as 
CVD and ALD precursors. 
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Populärvetenskaplig Sammanfattning 
Elektroniska komponenter blir allt viktigare i det moderna samhället. Inom halv-
ledarindustrin tillverkas komponenter genom att deponera tunna filmer av 
material med olika elektriska egenskaper, på varandra. Lager för lager, bildar de 
en struktur som kan användas för den önskade komponenten. Atomlagerdepo-
nering (ALD) är en metod som används allt oftare inom halvledarindustrin för 
att producera tunnfilmer. I ALD flödas ångor av källmolekyler med hjälp av 
bärgas in i en reaktor där föremålet som ska beläggas är placerat. källmolekylen 
genomgår kemiska reaktioner vilket bildar en beläggning av det önskade materi-
alet på föremålet.  

För att producera tunnfilmer av hög kvalitet med ALD så krävs väl anpassade 
källmolekyler. Källmolekylerna måste vara flyktiga för att förångas och trans-
porteras med en bärgas till reaktorn. Väl i reaktorn måste startmaterialen vara 
tillräckligt reaktiva för att bilda den önskade filmen. Endast det önskade ele-
mentet ska inkorporeras i filmen medan biprodukter som bildas vid reaktionerna 
måste avlägsnas från den växande filmytan och lämnar reaktorn med bärgasen. 
För vissa material saknas det i nuläget källmolekyler för ALD som når upp till 
kvalitetskraven för användning i halvledarkomponenter. Aluminiumnitrid 
(AlN), galliumnitrid (GaN) och indiumnitrid (InN) är attraktiva halvledar-
material för en rad applikationer. Dagens LED-belysning bygger exempelvis på 
GaN medan egenskaperna hos InN kan möjliggöra bland annat nya förbättrade 
trådlösa kommunikationssystem. I min forskning har jag framställt och studerat 
nya källmolekyler för metallerna aluminium, gallium och indium med lämpliga 
egenskaper för att bilda AlN, GaN och InN med ALD. 

Dessa källmolekyler består av tre grupper som omringar och binder till metallen. 
Grupperna som binder till metallen kallas för ligander och avgör källmolekylens 
egenskaper. Jag har studerat källmolekyler med triazenidligander, så kallade 
aluminium, gallium- och indiumtriazenider. Dessa visade sig vara enkla att för-
ånga och tåla hög värme. ALD med gallium- och indiumtriazenider resulterade 
i GaN och InN av rekordhög kvalitet. 

Då triazenider inte tidigare använts för ALD och var en outforskad grupp valde 
vi att syntetisera och studera triazenider av andra metaller för att se om dessa 
också hade egenskaper passande för ALD. Det visade sig att många outforskade 
triazenider resulterade i flyktiga molekyler som tål hög värme och har därmed 
goda möjligheter att användas som källmolekyler för ALD. Förutom de tidigare 
nämna aluminium, gallium och indium så har föreningar av koppar, silver, guld, 
zink, germanium, tenn och bly studerats. Alla dessa föreningar har termiska 
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egenskaper som är jämförbara eller bättre än de bästa källmolekyler i deras ka-
tegori som använts i ALD.
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1 Introduction 
Semiconductor devices are at the heart of modern society. Computers and wire-
less communication are used daily to keep in contact with friends and col-
leagues, but more importantly, to keep up with the latest social-media trends. A 
growing number of products are enhanced with computers, sensors, and wireless 
communication. For example, cars can be remotely started on a cold day using 
your mobile phone to warm the interior and defrost the windows. In recent years, 
cars have been equipped with computers and sensors, allowing cars a level of 
autonomy.1 Furthermore, a modern car can make vital safety decisions, such as 
to apply the brakes in order to avoid a traffic collision. It is just a matter of time 
before cars are fully autonomous. This is just one example of the convenience 
enabled by the semiconductor industry. This chapter briefly discusses semicon-
ductor manufacturing and the growing importance of vapor deposition tech-
niques. Finally, a summary is given on the aim of this thesis. 

1.1 Semiconductor Manufacturing 
Semiconductor components are manufactured in a bottom-up manner on wafers 
of Si or other semiconductors. Integrated circuits are formed by repeatedly de-
positing films of desired materials, layer-by-layer, which are then processed into 
the desired nanometer sized structures. To meet future demands, electronic com-
ponents are gradually becoming smaller while adopting more complex architec-
tures.2 Since the 1960s, the transistor density in microprocessors has increased 
exponentially, as predicted by Moore’s law.3,4 A microprocessor contained a 
couple of thousand transistors in the 1970s. Today, that number is in the bil-
lions.5 The explosive increase in transistor density has been made possible by 
miniaturization and more sophisticated architectures. These sophisticated archi-
tectures require improved techniques for depositing conformal high-quality 
films on topologically challenging, high aspect ratio structures, making vapor 
deposition techniques increasingly popular. Vapor deposition techniques are to-
day integral in semiconductor manufacturing. To meet the ever-growing de-
mands of the semiconductor industry, research in the field of vapor deposition 
techniques has intensified. 

1.2 Vapor Deposition Techniques 
Vapor deposition techniques are divided into two main categories: physical- and 
chemical vapor deposition. In physical vapor deposition (PVD), a solid source 
containing atoms of the desired film is bombarded by particles to eject, or sput-
ter, atoms into the gas phase.6,7 The sputtered atoms deposit on a nearby 
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substrate to grow a desired material. PVD techniques grow films strictly in a 
line-of-sight fashion (Figure 1.1a). That is, material is ejected from the source 
in a straight line to deposit onto a target substrate. Thus, films grow on surfaces 
in the line of sight to the source. There have been developments to overcome 
these issues, allowing PVD to deposit in high aspect ratio features.8 
 

 
Figure 1.1: Films deposited (a) non-conformally by line-of-sight deposition 
such as PVD, and (b) conformally by CVD techniques. 

In chemical vapor deposition (CVD), precursor molecules, containing the de-
sired atoms, are volatilized, and transported into a reactor holding a substrate. 
In the reactor, the precursors undergo chemical gas-phase- and surface reactions, 
to deposit a film of the desired material on the substrate. In contrast to PVD, 
deposition in CVD relies on diffusion of gases (Figure 1.1b) and therefore yield 
more conformal films. However, conventional CVD processes are not inher-
ently conformal and generally show faster film growth on exposed surfaces than 
in trenches of high aspect ratio structures (Figure 1.2a). Even so, conventional 
CVD can be used to grow conformal films (Figure 1.2b) by clever use of chem-
istry. For example, by the use of inhibitors to inhibit deposition enough for pre-
cursor molecules to reach deep into trenches before reacting with the substrate.9 
 

 
Figure 1.2: Schematic of a trench coated by (a) a non-conformal and (b) con-
formal deposition process. 

b)a)

a) b)
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Both PVD and conventional CVD grow films continuously. The film thickness 
depends on the process time. Even with the intense research into PVD and con-
ventional CVD, these techniques are in some cases unable to produce films that 
meet the requirements of the semiconductor industry. Furthermore, CVD com-
monly requires high temperatures (800–1500 °C), which prohibits deposition of 
thermally unstable materials or to coat temperature sensitive materials. The low-
temperature variant of CVD known as atomic layer deposition (ALD) has grown 
in popularity for semiconductor manufacturing. ALD relies solely on surface 
reactions to grow materials conformally, even on high aspect ratio surfaces. 

1.3 Aim of The Project 
This project aimed to develop Al, Ga and In precursors for depositing their re-
spective nitrides by ALD. Early in the project, we found that the previously un-
explored triazenide ligand system gave volatile Ga and In triazenides. These 
triazenides yielded excellent quality gallium nitride (GaN) and indium nitride 
(InN) by ALD. The success of these new triazenides changed the focus of the 
project towards exploring the ligand for other metals of the periodic table as 
potential CVD and ALD precursors. Other than the group 13 triazenides, the 
thesis targeted the group 11 and 14 metals as well as Zn. 
 
These precursors mainly targeted ALD of group 13 nitrides but also chalcogen-
ides and metallic Cu, Ag and Au films. The thesis covers synthesis, characteri-
zation, and evaluation of 1,3-dialkyltriazenides of metals in groups 11 to 14 as 
vapor deposition precursors. 
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2 Semiconductors for Electronic Applications 
This chapter provides the motivation and theoretical background for the thesis. 
First, material systems of interest for electronics applications are presented. 
Next, CVD and ALD are presented in the context of electronics applications. 
This is followed by the role and requirements of precursors for CVD and ALD. 
Finally, a summary is given on thermal properties and reactivity of different 
precursor classes, leading up to the focus of this thesis: the metal triazenides. 

2.1 Silicon 
Majority of today’s semiconductor components are based on Si, and for good 
reason. Si is abundant, relatively easy to purify to semiconductor grade 
(99.999999%) and grow into highly ordered single crystals.10 Furthermore, it 
was found that the Si surface could be oxidized to form a native oxide layer with 
sufficiently good silicon dioxide (SiO2) interface required to make functioning 
field-effect transistors in integrated circuits.11 Essentially, material systems were 
chosen based on practical aspects for integrated-circuit production. New mate-
rials have therefore been adopted when their predecessors reached their limits. 
 
Since the 1960s, transistors in microprocessors have gradually become smaller, 
both to increase the number of transistors per unit area, and to increase gate 
capacitance for performance. In the turn of the century, concerns were raised 
about the imminent failure of the transistor architecture upon further miniaturi-
zation.12,13 Mainly, the SiO2 gate dielectric was becoming too thin to block elec-
trons from tunneling through the barrier, leading to leakage currents and loss of 
performance. This problem was solved in 2007 by replacing the SiO2 gate die-
lectric for hafnium dioxide, which has higher dielectric constant. This replace-
ment has allowed for further miniaturization and extension of Moore’s law. 
These changes are small in comparison to other applications, where Si-based 
electronics have shown poor performance compared to alternative semiconduc-
tors. 
 
Si-based electronics is limited by the chemical, thermal and electronic properties 
of Si. The relatively low breakdown voltage, small and indirect band gap, low 
carrier mobility, and poor thermal conductivity makes Si poorly suited for op-
toelectronics, high power- and frequency applications. Si has therefore been out 
competed in these areas by materials such as silicon carbide (SiC) and GaN.14–
16 In general, group 13 nitrides have found wide-spread applications in recent 
years. 
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2.2 The Group 13 Nitrides 
Aluminium nitride (AlN), GaN and InN are semiconductors with suitable prop-
erties for a range of electronics applications. AlN is a thermally stable wide-
bandgap semiconductor (6.2 eV) that is well suited for high power-, and high-
temperature applications.17 GaN has a bandgap of 3.4 eV and is today used for 
GaN-based wireless communication, high-power electronics, blue light-emit-
ting diodes, and the efficient light-emitting diodes we use for today’s general 
lighting.18 InN is a narrow-bandgap semiconductor (0.7 eV),19 and has received 
considerable attention in recent years due to its exceptional electron transport 
properties, which make it highly desirable for high-speed electronics.20  
 
The group 13 nitrides commonly crystallize in the wurtzite structure and can 
form solid solutions of aluminium gallium nitride (AlGaN), indium aluminium 
nitride (InAlN) and indium gallium nitride (InGaN). Theoretically, these ternary 
nitrides can form alloys within the entire compositional range. In this way, ma-
terials could be realized with bandgaps tuned between 6.2 and 0.7 eV,21 which 
would allow optoelectronic devices spanning from infrared to ultraviolet light. 
 
Together, the group 13 nitrides can also realize various transistor devices. For 
example, AlGaN/GaN on SiC can be used to give heterojunction field-effect 
transistors for microwave applications.22 Alloying GaN with InN will produce 
high electron mobility transistors for high-frequency applications. Thus, InGaN 
can be used for high-frequency and high-power applications.23 Furthermore, 
AlN, GaN and InN are well suited for optoelectronic device application due to 
their direct bandgap. The thermodynamic stability of the group 13 nitrides de-
creases in the order AlN > GaN > InN. CVD generally operates close to equi-
librium and explains the difficulties to deposit InN.24 
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3 Chemical Vapor Deposition Techniques 
The semiconductor industry constantly requires improved methods to deposit 
high-quality films of new and used materials with desired properties for future 
applications (e.g., the previously discussed group 13 nitrides). Films must be 
pinhole free and have highly controlled composition and morphology. It is also 
detrimental for the interface between stacks of different materials to be well de-
fined and smooth. Consequently, CVD techniques have grown in popularity for 
semiconductor manufacturing as they allow deposition of high-quality films 
with sub-nanometer film-thickness control. 

3.1 Chemical Vapor Deposition 
In conventional CVD, precursors are volatilized and transported with a carrier 
gas into the reactor. In the reactor, the precursors mix, and a portion react or 
decompose in the gas phase to form more reactive species. The gas mixture 
flows over a substrate where it undergoes surface reactions to deposit a film of 
the desired material in a continuous fashion (Figure 3.1). 
 

 
Figure 3.1: Schematic explaining the growth mechanism in conventional CVD. 

For example, semiconductor-grade GaN is grown by CVD at ~1000 °C under 
reduced pressure using trimethylgallium (TMG) and NH3 as Ga and N source, 
respectively, and H2 as the carrier gas.25 This process is used to grow ~3 μm 
thick GaN. 
 
Growth rate and film quality depend on numerous factors, most importantly by 
gas composition, process temperature- and pressure. It is important to have care-
ful control over these parameters. When a CVD process is developed, these 
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parameters are optimized to yield films of desired quality and growth rates. 
CVD processes commonly operate at 800–1500 °C. The high temperature en-
hances precursor reactivity to give higher growth rates. It also promotes for-
mation of more ordered films by providing the energy required for the film to 
anneal, and for impurities to migrate to the surface where they form volatile 
species that desorb. The high temperature, however, prohibits deposition of ther-
mally unstable materials such as InN,26 or to coat temperature sensitive materi-
als, such as layers of organic molecules or polymers. ALD is a low-temperature 
variant of CVD that relies solely on self-limiting surface reactions to grow ma-
terials.27,28 

3.2 Atomic Layer Deposition  
In ALD, the substrate is exposed to each precursor separately to prevent gas-
phase reactions between co-reactive precursors. That is, the first precursor is 
introduced which chemisorbs to the substrate surface, forming a stable mono-
layer. No more reactions occur after the surface is saturated. The byproducts 
from the chemisorption are purged from the reactor together with any excess of 
unreacted precursor by an inert gas (e.g., Ar or N2). After purging, the substrate 
is exposed to the second precursor, which reacts with the functional groups of 
the previously deposited monolayer. Like the previously deposited monolayer, 
the process is self-limiting, and reactions stop after the surface is saturated. The 
excess precursor and byproducts are then purged to conclude the ALD cycle 
(Figure 3.2). This cycle is repeated to grow films layer-by-layer. 
 

 
Figure 3.2: A schematic of the reaction cycle for an ALD process using metal 
precursors of the general form AL3 and H2O as the non-metal precursor. A pulse 
of AL3 is introduced. The AL3 molecules react with all available surface sites to 
give an AL2 monolayer. The excess AL3 is purged together with the LH byprod-
uct from the surface reactions. H2O is then introduced and reacts with the AL2 
monolayer. The excess H2O and LH byproducts from the surface reactions are 
purged before repeating the cycle. 
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ALD was invented independently in the Soviet Union and Finland in the 1960–
70s.29 The technique was developed in Finland throughout the 1970s, to realize 
ZnS-based electroluminescent flat panel displays. In the mid 1980s, ALD was 
successfully used for commercial production of electroluminescent flat panel 
displays.30 
 
In the turn of the century, ALD received much attention when transistor minia-
turization in microprocessors was pushing the SiO2 gate dielectric to the limit. 
To enable continued miniaturization, SiO2 had to be replaced by materials with 
improved dielectric properties (high-k dielectrics). ALD was suggested for de-
positing ultrathin and pinhole free high-k dielectrics.31 The potential of ALD in 
semiconductor device manufacturing was acknowledged in 2007 when Intel re-
placed the SiO2 gate dielectrics with hafnium dioxide by ALD in their 45 nm 
processor lineup.32,33 Since then, the technique has grown in popularity as de-
vices adopt ever-more complex architectures that require ultrathin, conformal 
and pinhole free films. Today, ALD is an indispensable technique in semicon-
ductor manufacturing. 
 
In contrast to the continuous film growth in conventional CVD, film thickness 
in ALD depends on the number of cycles. Beyond saturating the surface, excess 
precursor has no effect on the growth per cycle. That is, films deposited by 50 
ALD cycles of self-limiting surface reactions yield the same film thickness, even 
if the process used an order of magnitude more of each precursor. Other than 
the benefits of low process temperatures, the self-limiting nature gives ALD 
three important advantages over conventional CVD. First, conformality is a 
built-in feature of ALD. It is essentially a trivial task to deposit conformal films 
on high aspect ratio surfaces and other topologically complex structures. Sec-
ond, ALD allows for monolayer to sub-monolayer thickness control, as each 
cycle adds up to a monolayer to the film thickness. Third, unlike CVD, ALD 
does not require deposition of nucleation layers to form conformal and ordered 
interfaces between films of different materials. These advantages have made it 
possible to deposit one monolayer of pinhole-free AlOx on GaN.34 
 
For example, a process developed for depositing Al2O3 on Si(100) using tri-
methylaluminium (TMA) and H2O gave a growth rate of 1.1 Å/cycle.35 This 
growth rate corresponds to about a third of the thickness of an Al2O3 monolayer 
(~3 Å).34 A similar process was used to deposit 50 Å of conformal Al2O3 gate 
dielectrics on indium gallium zinc oxide thin film transistors.36 
 
The main disadvantage of ALD is the low growth rates. ALD films are confined 
to nanometer scale film thickness while CVD can deposit nanometer to microm-
eters thick films. The slow growth rate in ALD translates into a more expensive 
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deposition technique. ALD is therefore typically the technique that is employed 
when other alternatives fail.37 
 
Slow growth rates are, however, a not a major issue for electronics applications, 
where thin films are generally desired, so long as they are conformal, smooth 
and pinhole free. Regarding precursor chemistry, ALD is more wasteful than 
conventional CVD. Partially due to the low temperatures used, ALD requires 
excess precursors to saturate surfaces in a reasonable time scale.38 The high tem-
peratures used in CVD enhances the precursor reactivity with a higher amount 
contributing to film growth. 
 
Precursors play an important role in CVD and ALD. This is particularly the case 
for ALD, which relies exclusively on surface reactions at low temperatures. An 
ALD process is essentially limited by the precursor performance. In essence, 
precursors should give rapid and clean surface reactions. Depositing high-qual-
ity films is a formidable challenge, if not impossible, when using precursors 
with unfavorable chemistry. 
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4 Role of Precursors in CVD and ALD 
CVD and ALD precursors have similar functions and therefore similar require-
ments. The precursors are vaporized and transported into a reactor where they 
undergo chemical reactions to grow the desired material. Precursors must there-
fore be thermally stable and volatile for vapor phase transport, and simultane-
ously, sufficiently reactive to yield the target material. Although desired prop-
erties are similar for CVD and ALD, they differ in some respects. 

4.1 Precursor Properties Required for Vapor-Phase 
Transport 

The volatility of compounds is determined by their capabilities for intermolec-
ular interactions. From a volatility perspective, it is therefore beneficial to use 
molecules with limited capabilities to form hydrogen bonds or to π-stack. Small 
non-polar molecules form fewer van der Waals interactions are therefore pre-
ferred. 
 
Precursors are commonly vaporized from sources and transported into the reac-
tor. Many liquid and solid precursors have insufficient vapor pressure at room 
temperature, even at the reduced-pressure conditions commonly used in CVD 
and ALD. Sources are heated when necessary to increase precursor volatility for 
vapor phase transport. Precursors must therefore be thermally stable, preferably 
for weeks or months, at the temperatures required for transport into the reactor. 
Precursors that decompose in the source or during the vapor phase transport be-
fore reaching the substrate not only wastes precursor, but also risk blocking the 
line and inlet to the reactor. In worst case, the uncontrolled reactions may form 
particles in the gas phase that contaminate the film. 
 
Liquid precursors are commonly preferred over solids. This is because vapori-
zation of solids occurs from surfaces, and as precursor is volatilized, the surface 
area of the remaining solid changes which, in turn, affects the vapor pressure. 
Overtime, solid precursor may therefore deliver inconsistent vapor pressure. 
Changes in vapor pressure is particularly important for CVD, as film quality and 
growth rate depend on maintaining consistent gas composition.39 ALD is there-
fore more robust in regards to inconsistencies in precursor vapor phase transport 
properties, so long as the surface becomes saturated. In contrast, ALD has more 
stringent reactivity requirement for precursors than CVD. 
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4.2 Precursor Reactivity Required for CVD Techniques 
In the reactor, precursors must undergo reactions to grow the desired material at 
a reasonable rate. It is vital to use precursors that form films and easy-to-remove 
byproducts.  
 
For conventional CVD, gas-phase reactions are often part of the film growth, 
either via gas-phase thermolysis or bimolecular reactions. These gas-phase re-
actions form more reactive species, in essence, activating the precursor to pro-
mote film growth. The gas mixture then reacts with the substrate to deposit the 
desired material. Byproducts from the surface reactions should form volatile 
species that desorb from the substrate and exit the reactor with the exhaust. The 
high temperature used in CVD helps to remove these impurities and allows the 
growing film to anneal. 
 
In comparison, ALD precursors have more stringent reactivity requirements. 
Gas-phase thermolysis is commonly unacceptable as it may give non-self-lim-
iting CVD type film growth. ALD precursors must therefore be thermally stable 
at process temperatures (between 25 and 500 °C). Precursors should undergo 
self-limiting surface reactions to form a stable monolayer. Preferably, these sur-
face reactions give non-reactive byproducts that easily desorb from the surface 
to leave the reactor. Reactive byproducts risk reacting with the monolayer down-
stream. These reactions may lead to non-stochiometric film composition and 
loss of conformality.40 Precursors play a crucial role for successful ALD.  
 
In ALD, film quality is often limited by the precursor chemistry. Well-behaved 
precursors are particularly important when depositing more challenging materi-
als with low enthalpies of formation (e.g., InN) or tendency to incorporate im-
purities (e.g., materials with oxophilic elements like Al and Ti). 

4.3 Non-Metal Precursors 
Depositing chalcogenides, oxides, and pnictogenides require a precursor of the 
desired non-metal. Unfortunately, these precursors are typically limited to their 
hydrides. NH3 and H2S are commonly used for depositing nitrides and sulfides, 
respectively. For sulfide ALD, there has been progress in replacing the unpleas-
ant H2S by organosulfide alternatives.41 For example, di-tert-butyl disulfide has 
shown to deposit NiSx with no carbon impurities by XPS.42 The authors suggest 
a β-hydride elimination, yielding surface bound SH and isopropene. 
 
There has been little progress in finding more reactive alternatives to NH3 for 
ALD and CVD. For CVD, various alkyl- and aryl-hydrazine analogs have been 
explored. These efforts have not given any precursors superior to NH3.43,44 
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Unfortunately for nitride ALD, NH3 has low reactivity, particularly at ALD tem-
peratures, and requires a large excess to deposit a monolayer. The NH3 to metal 
precursor ratio is commonly 2000 times or greater, when depositing group 13 
nitrides.45 Hydrazine is more reactive than NH3, due to the α-effect,46 but also 
highly toxic, explosive and requires special precautions for transport, storage, 
and handling.  
 
Nitride ALD using 1,1-dimethylhydrazine rendered high levels of carbon impu-
rities.47 It is therefore common to use NH3- or N2 plasma to generate more reac-
tive nitrogen species. Of course, the plasma-generated species are highly reac-
tive and likely to recombine upon contact with a surface. As gases collide with 
surfaces many times to reach into trenches and pores, the reactive plasma spe-
cies are unlikely to reach deep into such structures without reacting. Plasma 
therefore, poses a problem to conformal deposition on high aspect ratio sur-
faces.48 Plasma is also effective in ALD for removing ligand fragments from 
growing films. In some cases, plasma ALD is the only option to deposit difficult 
material systems where thermal ALD has failed, such as InN. 

4.4 Metal Precursors 
Many classes of compounds have been used as metal precursors for ALD. The 
precursors are classified by their metal-ligand bonding. The different classes 
have their own advantages and disadvantages in terms of production, handling, 
and performance related to their thermal properties and reactivity. From a pro-
duction perspective, precursors should be inexpensive to produce and purify. 
The compounds should also have limited toxicity and require minimal precau-
tionary measures for transport and handling. From a performance perspective, 
precursors should be volatile, and thermally stable yet reactive. This section ex-
plores these aspects for different classes of metal precursors with a focus on 
group 13 nitride ALD. 

4.4.1 Metal Halides 
Metal halides, in particular chlorides, are inexpensive sources compared to their 
alternatives. Many are thermally stable and can be volatilized. Except for a few 
highly symmetrical (e.g., SnCl4, TiCl4 and WF6), metal halides are solids and 
require heating for vapor phase transport.49 During deposition, halide byprod-
ucts deposit on the growing film and must form hydrogen halides to desorbs 
from the substrate and leave the reactor. Processes generating corrosive byprod-
ucts, such as hydrogen halides, require corrosion resistant equipment. More im-
portantly, hydrogen halide formation is unfavorable Brønsted–Lowry acid-base 
reactions. Consequently, films deposited using metal halides are prone to halide 
impurities. For example, ALD grown AlN showed ~6 at.% Cl when using AlCl3 
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and NH3, at 500 °C.50 Halogen-free AlN has been demonstrated by CVD using 
AlCl3 and NH3 at 1000 °C and above.51,52 

4.4.2 Metal Alkoxides 
To avoid oxygen impurities when depositing non-oxides (e.g., nitrides or sul-
fides) it is safest to avoid oxygen-containing precursors, such as the M–O 
bonded metal alkoxide precursors. Avoiding M–O bonded precursors is espe-
cially important when depositing materials with oxyphilic elements, (e.g., Al 
and Ti). The main idea behind this thesis is to actively avoid precursors with 
oxygen atoms and, particularly, M–O bonds. However, metal alkoxides have 
been used, for example, to deposit oxides of Li (lithium lanthanum titanate), Al, 
Si and Ti by ALD.53–56 

4.4.3 Metal Alkyls 
Metal alkyls are often volatile and reactive liquids. In ALD, metal alkyls yield 
surface-bound alkyl groups. The surface alkyls commonly form alkanes. Al-
kanes are exceptionally weak acids and therefore have much more favorable 
acid-base chemistry than the hydrogen halide byproducts of the metal halides. 
Thus, alkanes are unreactive and readily desorbs from the surface to be purged 
from the reactor.  
 
Depending on the non-metal precursor, alkane formation can be slow at ALD 
temperatures and risks trapping alkyl groups as film impurities. Furthermore, 
surface bound alkyl groups decompose at elevated temperature to incorporate 
carbon impurities. For example, during ALD of AlN using TMA and NH3, me-
thyl groups on the TMA-deposited monolayer react with NH3 to form methane 
which desorb from the growing surface. However, these reactions are slow and 
methyl groups are trapped in ALD grown film up to 380 °C. Adsorption of TMA 
on Si(100) suggest that, already at 130 °C, proton-transfers between methyl 
groups yielding methane that desorb, leaving behind the deprotonated ligands. 
Above 230 °C, CH2 is further deprotonated.57 
 
A DSC study of the group 13 trialkyls showed increased stability in the order 
trimethylindium (TMI) < TMG < TMA which is consistent with their M–C bond 
enthalpies.58 Also, the stability generally decreased with branching of the alkyl 
groups (GaiPr3 < GaEt3 < GaMe3) explained by the higher stability of the alkyl 
radical and the possibility for β-hydride elimination. TMA decomposes above 
380 °C to give non-self-limiting, CVD type film deposition.59 Similarly, carbon 
impurities are common for ALD grown GaN when using TMG and NH3.60 
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In CVD, the carbon impurities form volatile species that desorb at sufficiently 
high temperatures and by having H2 in the gas mixture. Thus, CVD yields sem-
iconductor grade AlN and GaN above 1000 °C using their respective trimethyl 
analogs with NH3 and H2 as carrier gas.61,62 For InN, high-temperature CVD 
does not yield high-quality films as InN decomposes into In metal and N2 above 
500 °C.63,64 Exclusively M–N bonded compounds have been explored as alter-
native precursors for low-temperature deposition of group 13 nitrides and other 
problematic material systems. 

4.4.4 Metal Dialkylamides 
The dialkylamide ligand system opens the possibility for CVD and ALD using 
exclusively M–N bonded metal precursors. Exclusively M–N bonded precursors 
have shown improved results over the halogens and alkyls when depositing 
group 13 nitrides by ALD. For example, tris(dimethylamido)Al(III) 
(Al(NMe2)3) with NH3 has demonstrated AlN with carbon impurities below 1 
at.%.65,66 Thermal ALD has been reported for GaN using Ga(NMe2)3 and NH3, 
however, the films were X-ray amorphous and contained ~2.8 at.% C.67 The 
same publication reported significantly improved GaN when using NH3 
plasma.67 
 
While Al(NMe2)3 and Ga(NMe2)3 are dimeric in solid state, In(NMe2)3 is poly-
meric and therefore non-volatile. Bulky R-groups have been used to yield mon-
omeric group 13 amides, including In.68 The additional bulk and intermolecular 
interactions of the aryl groups makes these compounds unlikely candidates for 
CVD and ALD. Volatility was not reported for these amides. 

4.5 Bidentate Ligands 
All precursors discussed so far employ monodentate ligands. That is, the ligand 
coordinates to the metal center with one atom. Metal complexes with bidentate 
ligands have been investigated, mainly as precursors for ALD and low-temper-
ature CVD. These ligand systems give less volatile but often more thermally 
stable precursors. Other than the lower volatility, using larger and more complex 
ligand systems may have some drawbacks. 
 
Precursor production should be fast, inexpensive, and easy to scale up. Prepar-
ing a ligand should preferably require as few synthetic steps as possible. More 
structurally complicated ligands often require more resources to produce which 
makes them less viable for large-scale industrial application. This is one of the 
reasons for the success of the previously discussed precursors, such as the metal 
chlorides and metal alkyls. Even with these production demands, specialized 
precursors are needed for ALD and low-temperature CVD for electronic device 
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applications. In this aspect, the amidinate (Figure 4.4a) and guanidinate ligands 
are good compromises between the production- and performance aspects. 

4.5.1 Amidinates and Guanidinates 
Lithium amidinate ligands can be prepared by reacting a carbodiimide (CDI) 
with an alkyl lithium reagent (Figure 4.1), or a number of other routes.69,70 CDIs 
have been studied extensively for other applications and are therefore readily 
available.71 This makes amidinates with alkyl groups as the endocyclic-carbon 
substituent easy to prepare. 
 

 
Figure 4.1: Preparation of acetamidinates (R3 = Me) and guanidinates (R3 = 
NMe2) from carbodiimides. 

Formamidinates are commonly prepared in two steps (Figure 4.2). First, the de-
sired CDI is heated to 150–200 °C with a hydrosilane (e.g., triethylsilane), and 
PdCl2 to give the N-silylformamidine. Next, the N-silylformamidine is hydro-
lyzed by methanol to give the formamidine.72,73 Reacting the formamidine with 
nBuLi yields the lithiated ligand. 
 

 
Figure 4.2: Preparation of lithium formamidinate ligands. 

The amidinates are monoanionic ligands with an NCN backbone. These ligands 
form exclusively M–N bonds, which, as previously discussed, are preferred for 
avoiding halogen, carbon, or oxygen impurities. Metal amidinates were first ex-
plored for ALD approximately 20 years ago.74 They have shown great success 
in ALD and low-temperature CVD of a variety of d-,69,75 and f-block76,77 mate-
rials. For the p-block metals, the amidinate ligand system has yielded Sn(II) and 
In(III) amidinates suitable for vapor deposition. For example, Sn(II) amidinates 
have been used for ALD of SnS78,79 and SnO80. Recently, the amidinates and 
guanidinates have also been used for ALD of InN.81 The study showed improved 
film quality in the order of decreasing size of the endocyclic-carbon substituent. 
That is, film quality increased in the order guanidinate < acetamidinate < forma-
midinate. 
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Unfortunately, the amidinates have not yielded thermally stable and volatile 
compounds suitable for CVD and ALD for other p-block metals. For example, 
the bis(1,3-diisopropylacetamidinate)Ge(II) was reported in 1998 without any 
mention of volatility and has not been used for ALD or CVD.82 Amidinates and 
guanidinates are prone to decompose via β-hydride elimination and CDI de-in-
sertion (Figure 4.3a and b, respectively).83–87 There has been attempts to sup-
press these pathways by modifying the ligand structure. While the β-hydride 
elimination is easily blocked by using tert-butyl groups, CDI de-insertion has 
proven to be more difficult to suppress or block. 
 

 
Figure 4.3: Two common decomposition pathways for amidinates and guanidi-
nates (a) β-hydride elimination and (b) CDI de-insertion. 

Mono- and bicyclic amidinates (Figure 4.4b and c, respectively) have been used 
to suppress the CDI de-insertion pathway. These ligands yielded coinage metal 
precursors with improved thermal stability over their acyclic analogs,88–90 but 
require significantly more work to prepare. For example, preparing the lithium 
iminopyrrolidinates require 5 low yielding synthetic steps.91 The cyclic amidi-
nates have not been as successful for the p-block metals, most likely due to their 
rigid structure. A heteroleptic Al iminopyrrolidinate methyl have been reported 
but no homoleptic complexes.92 
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Figure 4.4: Comparison between structures (R1, R2 = Alkyl) of (a) amidinates 
(R3 = Alkyl) or guanidinates (R3 = NMe2), (b) iminopyrrolidinates, (c) 5,5-bicy-
clic amidinate and (d) triazenides. 

The findings from the amidinate and guanidinate InN ALD study and the devel-
opment of cyclic amidinates suggest removing the endocyclic carbon substituent 
would be beneficial. One way of effectively removing this substituent is by us-
ing the triazenide ligand system. 

4.5.2 Triazenides 
The triazenides are isoelectronic to amidinates and guanidinates, differing only 
by replacing the endocyclic carbon for a nitrogen (Figure 4.4d). Replacing the 
tetravalent carbon for a trivalent nitrogen effectively removes the endocyclic 
substituent all together, thereby blocking the de-insertion pathway. Preparing 
lithium 1,3-dialkyltriazenides requires two easy synthetic steps (Figure 4.5). 
First, an alkyl azide is prepared from sodium azide and an alkyl halide.93 Next, 
the alkyl azide is reacted with an alkyl lithium reagent. 
 

 
Figure 4.5: The two-step synthesis of a lithium 1,3-dialkyltriazenide ligand. 

In contrast to the amidinates and guanidinates, triazenides have not been ex-
plored for ALD and CVD. Consequently, triazenides for ALD and CVD appli-
cations is an underdeveloped area of precursor research and development. The 
focus of this thesis is the investigation of metal 1,3-dialkyltriazenides and their 
properties for potential ALD and CVD applications. 
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5 Precursor Synthesis and Characterization 
Many hours of this thesis were spent in the synthesis laboratory making, purify-
ing, and characterizing compounds. New compounds were made and assessed 
for their potential as ALD or CVD precursors by studying their thermal proper-
ties. Some of the compounds were prepared on large scale (tens of grams) for 
use as precursors for ALD or CVD studies. This chapter concerns the synthesis- 
and characterization techniques used, including air-, and moisture free synthe-
sis, purification, and characterization. ALD and CVD precursors are reactive by 
design, which is especially important for low-temperature CVD and ALD. Con-
sequently, many CVD precursors are air- and moisture sensitive, reacting with 
O2 and H2O in the ambient atmosphere. For example, the family of trimethyl 
group 13 compounds, M(Me)3, where M = B, Al, Ga, In are preferred precursors 
for depositing III-V semiconductors. Schlenk lines and gloveboxes are essential 
tools for making, handling, and storing air- and moisture sensitive compounds 
over inert atmospheres such as Ar or N2. 

5.1 Glovebox and Schlenk Techniques 
A glovebox is essentially an air-tight box with rubber gloves attached, allowing 
access to the inside (Figure 5.1). The glovebox is connected to an inert-gas 
source and the atmosphere is continuously circulated through a catalyst to scrub 
any traces of O2 and H2O. Additionally, solvent filters are used to remove sol-
vent vapors from the atmosphere. For handling highly toxic compounds, glove-
boxes can operate slightly below the external pressure. The negative pressure 
difference helps contain the hazardous compounds and materials inside the 
glovebox. However, gloveboxes are commonly operated at a positive pressure 
difference when working with air- and moisture sensitive compounds of low- to 
moderate toxicity. A positive pressure helps minimize diffusion of the outside 
atmosphere into the glovebox. Gloveboxes are equipped with antechambers, 
which are used to transfer chemicals and equipment in and out of the glovebox 
without contaminating the inside atmosphere with H2O or O2. 
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Figure 5.1: A picture of the glovebox in the synthesis laboratory. The two ante-
chambers (a small and a big) are seen protruding from the left side of the glove-
box. To the right on the floor is the cooling unit for the freezer that is situated 
on the right side of the glovebox. Two rotary vane pumps are seen under the 
glovebox. The one to the left is connected to the antechambers while the right 
one is connected to an inlet on the back of the box. For the pump on the right, a 
cold trap is connected between the pump and the inlet to the glovebox. This 
allows concentrating solutions inside the glovebox without solvent entering the 
pump. The large gray box under the antechambers holds electronics, the cata-
lyst, and solvent filters. 

A glovebox has limited space for equipment, and the thick rubber gloves make 
for awkward working conditions. Large-scale synthesis is therefore commonly 
performed on a Schlenk line in a fume hood. A Schlenk line is a dual manifold 
connected to an inert-gas source and a vacuum pump (Figure 5.2). The lines can 
be accessed by double oblique stopcocks. Glassware commonly used with 
Schlenk lines have gas taps for connecting to the lines via hosing. 
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Figure 5.2: Picture of a Schlenk line in the synthesis laboratory when perform-
ing a vacuum distillation. A rotary vane pump is found to the left in the fume 
hood. A cold trap is situated between the pump and the Schlenk line to prevent 
solvents from entering the pump. 

The glovebox was one of the most important tools used throughout this project. 
Many chemicals and dry solvents were stored in the glovebox. For multi-gram 
scale synthesis, solutions were prepared in Schlenk flasks inside the glovebox. 
The flasks were then taken out and connected to the Schlenk line and placed 
under an N2 atmosphere, without exposing the solutions to air. Furthermore, af-
ter synthesis of the triazenide compounds on the Schlenk line, the reaction mix-
ture was dried in vacuo and the resulting residue transferred to the glovebox. 
The residue then underwent purification, in the glovebox by recrystallisation, or 
back on the Schlenk line by sublimation. 

5.2 Synthesis 
The organometallic compounds in this thesis were made by reacting a metal 
chloride with a lithium salt of a ligand. The synthesis can be divided into two 
phases. First, the ligand was prepared. Next, the ligand was reacted with the 
desired metal chloride. Air- and moisture free synthesis was required from the 
last step of the ligand preparation, to obtain the lithium 1,3-dialkyltriazenide.  
 
Triazenide ligands were prepared in two steps. First, by alkylating sodium azide 
with an alkyl halide to furnish the alkyl azide.93,94 The alkyl azide was then re-
acted with the desired alkyl lithium reagent in dry solvents, typically diethyl 
ether or n-hexane, to generate the lithium 1,3-dialkyltriazenide ligands. From 
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here, there were two options; either the ligand was used directly after being gen-
erated, or it was concentrated in vacuo and the residue transferred to the glove-
box. In the glovebox, the residue was suspended in n-hexane, filtered, recrystal-
lized, and stored for later use. This was, for example, the procedure reported for 
the group 14 triazenides (Paper VII). In contrast, for the group 13 triazenides 
(Papers I–IV), the freshly prepared solution of triazenide ligand was transferred 
via cannula to a solution of the metal chloride. When the reaction had finished, 
the reaction mixture was concentrated in vacuo to give a residue and transferred 
into the glovebox. The residue was diluted in n-hexane and filtered through a 
pad of celite to remove insoluble byproducts. The solution was concentrated in 
vacuo to give the crude product. 

5.3 Purification 
Reactions typically yield a mixture of the desired product and, inevitably, unde-
sired byproducts. Pure compound can be isolated from the crude product by dif-
ferent purification techniques. The compounds in this thesis were purified by 
recrystallization and sublimation. Sublimation from the crude was most often 
the best choice to separate the product from non-volatile impurities. The sub-
limed solid could then be resublimed more carefully or recrystallized from suit-
able solvents. CVD and ALD precursors are commonly nonpolar to minimize 
their intermolecular interactions and enhance their volatility. Thus, compounds 
were often readily soluble in n-hexane, which is in many other circumstances 
considered an antisolvent. Instead, the polar solvent of acetonitrile acted like an 
antisolvent for group 13 and 14 compound solutions in diethyl ether or tetrahy-
drofuran. 
  



::

M @%,-,+$&-(.,$(/#
8-J!/3@'3+$,.!@+.*!O-!*2373+(245 /2070/*-7"N-,!>37 '+O4"/0*"3$9!60*0!".!/34F
4-/*-,!+."$(!=07"3+. /2070/*-7"N0*"3$!*-/2$"[+-.!*3!.+''37*!*2-!/40"@. 3$!'+7"*5B!
.*7+/*+7-B!0$,!'73'-7*"-. 3>!*2- $-J /3@'3+$,9!f-4*"$(!'3"$*. 0$,!-4-@-$*04
0$045.". S?B!i!0$,!8!/3@O+.*"3$!0$045.".T 20=-!O--$!+.-,!2".*37"/0445!*3!/207F
0/*-7"N-!/3@'3+$,.9!13,05B!-4-@-$*04!0$045.".!".!+.-,!*3!=-7">5!*20*!*2-!".340*-,!
/3@'3+$,!".!'+7-9 Z,,"*"3$0445B!*2-!-@'"7"/04!>37@+40 3O*0"$-,!>73@!-4-@-$*04!
0$045.". /0$!O-!+.-,!>37!.*7+/*+704!/2070/*-7"N0*"3$9!C3*2!@-4*"$(!'3"$*.!0$,!-4F
-@-$*04!0$045.".!J0.!3O*0"$-,!>37 044 /3@'3+$,.!"$!*2".!*2-.".9 )0@'4-.!J-7-!
.-$*! *3! 0! /3@'0$5! "$!b-7@0$5! >37! -4-@-$*04! 0$045.".9! )0@'4-.! 3>! /07->+445!
(73J$!."$(4-!/75.*04.!J-7-!.-$*!*3!3+7!/3440O370*37B!Y0,"@!`-..4-7!0*!*2-!)J-F
,".2!D$"=-7."*5!3>!Z(7"/+4*+704!)/"-$/-.B!>37!.*7+/*+7-!,-*-7@"$0*"3$9

O.- ),06B&IE3G;2*B(PI!*G :,553*/2,"0
V37!/3@'3+$,.!*20*!/75.*044"N-B!.*7+/*+7-!,-*-7@"$0*"3$!O5!."$(4-F/75.*04!nF705!
,">>70/*"3$!".!*2-!@3.*!'3J-7>+4!'733>!3>!@34-/+407!.*7+/*+7-9!12-!/3@'3+$,.!
"$!*2".!*2-.".!J-7-!.34",.!0$,!/3+4, *2-7->37- O-!/2070/*-7"N-,!O5!."$(4-F/75.*04!
nF705!,">>70/*"3$9 i3J-=-7B!@0$5!/75.*04.!*20*!J-7-!@-0.+7-,!.23J-,!.-=-7-
,".37,-79!V37!-a0@'4-B!*2-!(73+'!I<!*7"0N-$",-.!"$!A0'-7.!P\PY >37@-,!.-=-7-45!
,".37,-7-,!/75.*04.9 12-!,">>70/*"3$!'0**-7$.!*2-7->37-!.23J-,!4"(0$,.!"$!0!@+4F
*"*+,-! 3>! '3."*"3$.! 073+$,! *2-!@-*04! /-$*-7.9! ?3$.-[+-$*45B!@3,-4 .*7+/*+7-.
.23J-,!0$!07705 3>!0*3@.!J"*2!=-75!407(-!*2-7@04!-44"'.3",. SV"(+7-!R9I0T9

^%F=$"'VRZ_'?-$=H-=$"')"-"$4%#")'>$<4'*%#F7"GH$;*-,7'fG$,;')%>>$,H-%<#'),-,'<>'
-$%*`ZbSG)%G*-7*G:=-;7-$%,D"#%)"aT#`TTTa %#'̀ ,a'"77%K*<%)G ,#)'̀ :a'H,KK")'*-%H&'L%"cR

#"@"*-,!"$>37@0*"3$!/3+4,!O-!(0*2-7-, 0O3+*!*2-"7 @34-/+407!.*7+/*+7- >73@!*2-!
/75.*04! .*7+/*+7-.9 Z4@3.*! $3*2"$(! /3+4,! O-! .0", J"*2! /-7*0"$*5 0O3+*! O3$,!

!" #"!" #"



 

 23 

parameters of the molecules. Essentially, we gathered that the complexes were 
monomeric with three sets of chelating ligands surrounding the metal centers. 
 
The structure of a new compound can also be pieced together from a combina-
tion of spectroscopic techniques to help provide stronger evidence for asser-
tions. For example, crystal structures of the Al triazenides in Paper III showed 
monomeric structures, analogous to that in Figure 6.1. The presence of a hexa-
coordinated Al center was supported by 27Al NMR showing broad singlets in 
the same range as previously reported hexacoordinated diaryltriazenide ana-
logs.95 NMR spectroscopy was used extensively throughout this thesis, for a 
range of purposes. 

6.2 Nuclear Magnetic Resonance 
NMR spectroscopy was used to monitor progress of reactions, detect impurities 
in products, and study solution-state properties and thermolysis of compounds. 
Today, commercial NMR instruments are user friendly and easy to operate for 
routine analysis of small molecules. It is therefore easy to forget that NMR spec-
troscopy relies on sophisticated hardware and advanced signal analysis tech-
niques. The rich theory allows NMR to be used for more than just detecting 
chemical species. NMR theory will not be recited here as there is an abundance 
of excellent literature for any possible application. Instead, this section focuses 
on my own accounts and the techniques used when working on the triazenide 
compounds. 

6.2.1 Dynamic NMR of the Group 13 Triazenides 
NMR can be used to study dynamic events such as isomerization, rotation of 
substituents and reversible chemical reactions. Nuclei that sample several mag-
netic environments may give several NMR signals, or they may coalesce to give 
time-averaged signals. Nuclei that exchange rapidly give time averaged signals, 
and NMR spectra are said to be acquired in the fast-exchange regime. Typically, 
small molecules give time-averaged NMR spectra. Meanwhile, slowly exchang-
ing nuclei lead to line splitting as each environment gives rise to distinct signals. 
Line broadening is observed in the intermediate region as lines are coalescing. 
 
What regime nuclei fall into depends on the difference in resonance frequency 
δ𝜈, between the signals and the lifetime τ of the species. Commonly, 1H and 13C 
NMR spectra, acquired on a 500 MHz magnet, span ~10 and 30 kHz, respec-
tively. Signals are in many cases separated by 1–100 Hz. In comparison, just the 
region for vibrational stretch of carbonyls in infrared spectroscopy spans ~260 
MHz (~1660–1750 cm-1). Due to the small δ𝜈 in NMR, dynamic events can be 
studied for species with τ greater than 10-4 s (or rate constants smaller than 104 
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s-1). By acquiring NMR spectra at different temperature, the transition between 
slow- and fast exchange can be studied for dynamic events. 
 
Line broadening and line splitting was observed for the Al triazenides employ-
ing asymmetric triazenide ligands (Paper III). Dynamic effects were most severe 
for those bearing one tert-butyl group. Most likely, the short Al–N bonds inhib-
ited isomerization via non-bond breaking pathways. Different isomers had suf-
ficiently long lifetimes to give spectra in the slow-exchange regime at room 
temperature (Figure 6.2). The analog bearing isopropyl-sec-butyltriazenide lig-
ands showed line broadening at room temperature. Evidently, tert-butyl groups 
were suppressing rapid exchange more efficiently than sec-butyls. Most likely, 
the additional bulk of the tert-butyl groups resulted in additional steric pressure 
during isomerization, and therefore higher activation energy. Time-averaged 
spectra were obtained at 45 °C for compounds with one tert-butyl group and 35–
40 °C for the isopropyl-sec-butyltriazenide analog. The Ga and In triazenides 
did not show these dynamic effects (Paper IV). 
 

 
Figure 6.2: The 1H NMR spectra of tris(1-sec-butyl-3-tert-butyltriazenide) 
Al(III) in C6D6 acquired between 25 and 50 °C. 

Dynamic effects were mainly observed for the compounds bearing asymmet-
rical ligands as these only have one geometrical isomer. Al triazenides bearing 
symmetrical ligands showed minor line broadening, where peaks showed full 
width at half maxima of ~3 Hz (compared to 1 Hz for the In analogs). 
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6.2.2 Nuclearity of the Group 11 Triazenides 
NMR was also used to study the nuclearity of compounds in solution state. For 
example, group 11 amidinates, guanidinates and triazenides are known to form 
dinuclear, trinuclear, and tetranuclear species in solution state.96–102 The Cu tri-
azenide, (1,3-di-tert-butyltriazenide)Cu(I) in Paper V, yielded a dinuclear struc-
ture from single-crystal X-Ray diffraction and gave a singlet for all tert-butyl 
protons by 1H NMR. This signal was consistent with exclusively dinuclear spe-
cies in solution state, which was consistent with DFT calculations predicting the 
dinuclear form to be favored. For the Ag analog, the 1H NMR spectrum showed 
two singlets: one for tert-butyl protons in the dinuclear form and another for the 
tetranuclear. The dinuclear/tetranuclear ratio was studied by 1H NMR experi-
ments for solutions of different concentrations and at different temperatures. 
According to expectations, the ratio increased when increasing the temperature, 
and for solutions with lower concentration. That is, the different species were in 
equilibrium. 
 
In contrast, the Au analog gave a dominant signal consistent with the dinuclear 
species, and a small signal in the baseline consistent with the tetranuclear. This 
suggested a nearly exclusive presence of dinuclear species, which was incon-
sistent with data obtained from DFT calculations, where the tetranuclear species 
was expected to be dominant. Also, single-crystal X-ray diffraction yielded a 
tetranuclear Au structure. The working hypothesis was that the tetranuclear 
structure dissociated when dissolved to form dinuclear species in solution state. 
Later, it was realized that this assumption was erroneous. In fact, the dinuclear 
and tetranuclear species were not in equilibrium. Rather, in solution state, the 
dinuclear species irreversibly transformed into the tetranuclear. When realizing 
this as a possibility, new single crystals were grown, from freshly prepared Au 
triazenide, for structure determination by X-ray crystallography. This time, the 
crystals were stored without residual mother liquor. The new measurements 
yielded a dinuclear structure analogous to that of the Cu triazenide. Addition-
ally, we heated a solution of the dinuclear Au triazenide in toluene at 150 °C for 
3 days to obtain the tetranuclear form, which was isolated and characterized.  

6.2.3 Diffusion-Ordered Spectroscopy 
Diffusion-ordered spectroscopy (DOSY) is a testament to the incredible versa-
tility of NMR. By incorporating pulsed field gradients (PFG) in stimulated echo 
pulse sequences, nuclei are encoded with a phase as a function of their position 
in the sample.  
 
The PFG essentially dephases the magnetization of the nuclei but encodes them 
with a phase as a function of their position along the 𝑧-direction in the NMR 



26 

tube. This phase is then decoded by applying another PFG, which rephases the 
nuclei and restores the magnetization. However, in the time between encoding 
and decoding, molecules undergo diffusion, and the nuclei will experience a 
difference field during the second PFG as they have different positions along 
the field gradient. Nuclei will therefore be dephased which diminishes the over-
all magnetization, thereby attenuating the stimulated echo signal. Additionally, 
greater field gradients give larger attenuation as dephasing requires smaller dis-
placements. The signal attenuation in relation to field strength is obtained by 
performing a set of stimulated echoes at different field gradients (Figure 6.3). 
The diffusion coefficient 𝐷 is obtained by fitting the attenuated signal 𝑆! to 

𝑆! = 𝑆"𝑒#$%
!&!'!()#' *⁄ ) 

where 𝛾 is the gyromagnetic ratio of the nuclei, 𝐺 and 𝛿 are the gradient pulse 
strength and gradient pulse length, respectively, and Δ is the delay time between 
the two PFGs. 
 

 
Figure 6.3: The set of 16 1H NMR stimulated echoes at pulsed field gradient 
strengths linearly varied between 2% and 98% for the tetranuclear (1,3-di-tert-
butyltriazenide)Au(I). The integrals were then fitted to a diffusion fit function to 
give the diffusion constant for the signal. 

DOSY was used in Paper V to verify that the diffusion of the dinuclear- and 
tetranuclear species observed for the group 11 triazenides gave diffusion coef-
ficients consistent with expectation based on molecular size. That is, signals for 
the dinuclear species were expected to give greater diffusion coefficients than 
the tetranuclear. This was observed for the group 11 triazenides. 
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6.3 Investigation of Thermal Properties 
Herein, follows a description and examples of tests performed for assessing vol-
atility and thermal stability. 

6.3.1 Probing Volatility 
The compounds in this thesis are intended for in CVD and ALD processes, typ-
ically under reduced-pressure conditions. It is therefore important to know the 
temperatures required to volatilize these compounds under reduced pressure, 
and their thermal stability at the required temperatures. The compounds were 
sublimed on the Schlenk line at a total pressure of ~0.5 mbar. It was noted in 
what temperature range the compounds volatilized by observing when films of 
compounds formed on the cold finder. The sublimed compound and if present, 
non-sublimed residue, was studied by NMR. 
 
Thermogravimetric analysis (TGA) is a common method to quantify the volati-
lization and benchmark new potential precursors. A TGA instrument is essen-
tially a balance inside a furnace (Figure 6.4). A sample is added to a tared pan 
and placed on the balance. The system is then placed under a flow of desired 
gas and heated according to a temperature program, during which the balance 
read-out is collected. An inert gas (e.g., Ar or N2) is commonly used for studying 
volatilization of potential CVD or ALD precursors. 
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Figure 6.4: A Discovery TGA 55 from TA Instruments where the exhaust is con-
nected to a Thermostar mass spectrometer from Pfeiffer. 

As the sample volatilizes, the balance registers the mass loss. The collected data 
is commonly visualized in a plot with relative mass on the 𝑦-axis and, depending 
on the type of TGA experiment, either temperature or time on the 𝑥-axis. In 
TGA ramp experiments, the temperature is programmed to increase at a constant 
rate and commonly display temperature on the 𝑥-axis. Samples that volatilize 
cleanly without decomposing show a single mass-loss step where the mass drops 
from 100 to 0%. If the compound decomposes at higher temperatures to form 
non-volatile byproducts, a residue of the sample will remain in the pan. A large 
residual mass indicates that the compound decomposed to a large degree instead 
of volatilizing. Examples of ramp experiments are displayed in Figure 6.5, dis-
playing the Ag and Au triazenides from Paper V, and the Pb triazenide from 
Paper VII. 
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Figure 6.5: TGA ramp experiment for 10 mg samples of the (left) Ag and (mid-
dle) Au triazenides from Paper V, and the (right) Pb triazenide from Paper VII. 
The samples were heated at a rate of 10 °C min-1. 

For the Pb triazenide, the mass dropped from 100% to 0% in one step. The Ag- 
and tetranuclear Au triazenides also showed one mass-loss event but gave resid-
ual masses of 7% and 43%, respectively. These residual masses suggest minor 
and major decomposition for the Ag- and tetranuclear Au triazenides, respec-
tively. The dinuclear Au triazenide gave two mass-loss steps where the second 
step coincides with that of the tetranuclear analog. This suggests that dinuclear 
species volatilize at the first event but then plateaus as the dinuclear reacts to 
form tetranuclear species. As the temperature is increased, the tetranuclear mol-
ecules gain sufficient energy to volatilize, which gives the second mass-loss 
event. 
 
It should be noted that TGA experiments are performed at atmospheric pressure 
while CVD and ALD are often performed at reduced pressure. A large residual 
mass does not disqualify compounds from being a successful CVD or ALD pre-
cursor. For example, the Ag and Au cyclic amidinates were used for low-tem-
perature CVD of metallic Ag and Au films, even though these precursors gave 
residual masses between ~10 and 40%, respectively.88,90 The thermal stability of 
potential precursors must therefore be studied more carefully. 
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6.3.2 Probing Thermal Stability 
It is important to know the thermal stability of a new potential precursor, for 
storing, dosing during deposition, and to estimate the behavior in the reaction 
chamber. To introduce the compound into a reaction chamber, it must be volat-
ilized and, for the metal triazenides in this project, compound must be heated to 
volatilize. It is therefore important to know that the compounds will remain in-
tact for hours, days or months in the heated source. Melting- or decomposition 
points measured in capillaries sealed under inert gas provide a good initial as-
sessment of the thermal stability of the compound. Long term stability can be 
studied by sealing a sample of neat compound in a glass tube and heat it in an 
oven for days or weeks. The heat-treated sample is then examined by dissolving 
in a solvent with high solubility for the intact compound. If the compound has 
decomposed insoluble particles are detected. The solution can then be analyzed 
by NMR to detect possible thermolysis byproducts. 
 
Solution-state thermolysis can be monitored by dissolving the compound in a 
high-boiling deuterated solvent, such as toluene-d8, and sealing the solution in 
a heavy-walled NMR tube (Figure 6.6). Non-coordinating solvents with low di-
electric constants are preferred as these are more comparable to gas phase than 
polar solvents. 
 

 
Figure 6.6: Flame-sealed NMR tubes with solutions of the (top) Au, (middle) Ag 
and (bottom) Cu di-tert-butyltriazenides after the solution-state thermolysis 
study. Films formed on the inside walls of the tubes during thermolysis of the 
compounds. 

The sealed tube can then be heated periodically monitored for thermolysis by 
1H NMR. The soluble thermolysis byproducts can be observed and, under fa-
vorable circumstanced, be determined. 

6.4 Probing Chemical Reactivity 
There is significant effort in finding out what is happening with precursors in 
the gas phase and on the substrate in CVD and ALD reactors. This understand-
ing is important for designing precursors to suppress or enhance reaction path-
ways. To study surface reaction is typically performed collecting experimental 
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data from ALD or CVD tools connected to various analytical instruments. Alt-
hough studying ALD surface reactions in situ is beyond the scope of this thesis, 
they can be modeled by chemical reactions in synthesis laboratory to give a hint 
on the viability of a potential precursor for deposition. In one such study, amidi-
nates of Cd(II) were reacted with triphenylsilanethiol and the resulting products 
were characterized and their thermal properties were evaluated.103 The bulky 
triphenylsilane is meant to model the substrate surface and the thiol group the 
surface SH functionality in sulfide ALD.  

6.5 Gas-Phase Thermolysis by DFT 
Quantum chemical calculations was used in this thesis, both to understand the 
bonding and electronic structures of the new compounds, and to predict their 
gas-phase decomposition pathways. Here, I provide a very brief introduction to 
the theoretical background followed by my own accounts during my studies. 
 
Chemical bonding of atoms and molecules is governed by their electrons, in 
particular the valence electrons. Electrons of molecular systems can be de-
scribed by the Schrödinger equation: HΨ = EΨ, where H is the Hamiltonian 
operator, Ψ is the wave function and E is the energy of the wave function. In 
fact, all measurable properties of the molecule can be determined from Ψ. How-
ever, determining the Ψ is generally a difficult task. Exact solutions can only be 
found for systems containing one electron, and the computational power re-
quired to calculate Ψ analytically rapidly scales with the number of electrons in 
the system. For many decades, bright and dedicated people have worked on the 
issue of calculating wave functions and electron densities for chemical systems. 
This has given us the quantum-chemical calculation packages and numerous 
theoretical frameworks for finding the electronic wave function of chemical sys-
tems.  
 
Almost all parts of the calculations require relatively little effort to calculate. 
The exception is the electron-electron interactions. These interactions scale rap-
idly with the number of electrons and is the main issue in quantum-chemical 
calculations. Density functional theory (DFT) typically gives good approxima-
tions for the electron-electron interactions. All calculations in this thesis were 
performed using DFT in Gaussian 16 Rev. B01.104 Ground-state calculations 
generally caused no issues. An initial guess of the expected geometry was pro-
vided, and the software was set to optimize the geometry. Finding transition 
states (first-order saddle points) were trickier. 
 
In this thesis, transition states were found using the Berny geometry optimiza-
tion algorithm.105 There had to be an idea about the reaction pathway. After 
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thinking of a potential reaction step to explore, a guess was constructed for the 
expected transition state geometry. This geometry was then minimized while 
freezing one or more atoms, bonds and angles involved in the transition state. In 
Gaussian, this is undertaken by Opt=ModRedundant. This relaxes all parts of 
the system in relation to the strain of the frozen parameters. The obtained geom-
etry was then used for the Berny geometry optimization algorithm to find a first-
order saddle point. If successful, this would yield an optimized structure with 
one negative vibrational frequency that followed along the expected transition 
state. Finding a reasonable transition state often required a few attempts. The 
initial guess would be modified and minimized to give a new and, hopefully, 
improved guess to use for Berny optimization was repeated. 
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7 My Contribution to the Field 
The work in this thesis has made large steps toward realizing ALD grown GaN 
and InN for semiconductor device applications. Papers I and II are interdiscipli-
nary endeavors, spanning chemical synthesis and thin film deposition. These 
triazenides yielded the highest quality ALD grown GaN and InN to date. I was 
mainly part of the chemical synthesis side, to develop the Ga and In triazenide 
precursors. The rest of this thesis was dedicated to exploring the 1,3-dialkyltri-
azenide metal complexes of group 11–14 as potential ALD and CVD precursors. 
Papers III and IV investigate the hexacoordinated Al, Ga and In triazenides with 
different analogs. Papers V–VII explore triazenides of monovalent group 11 
metals, divalent Zn of group 12, and the divalent group 14 metals as potential 
precursors for CVD and ALD. The triazenides reported in those papers are 
highly interesting for CVD and ALD studies. 
 
DFT was used to map out gas-phase thermolysis pathways for the group 13 and 
14 compounds with combinations of isopropyl and tert-butyl R groups. Path-
ways were found that, to my knowledge, have previously not been considered 
for gas-phase thermolysis of chelating triazenides, amidinates or guanidinates. 
These gas-phase decomposition pathways were initiated by an inter-ligand pro-
ton transfer step, which resulted in much lower rate-determining free energy 
barriers than alternative pathways. More detailed description of the findings in 
each project is given in this chapter. 

7.1 The group 13 triazenides 
For the group 13 metals, all combinations of the R-groups isopropyl, sec-butyl 
and tert-butyl were made and characterized (Papers III and IV). That is, six de-
rivatives for each metal center. These compounds showed monomeric structures 
with the metal center surrounded by three chelating triazenide ligands. The melt-
ing point was affected most by the number of sec-butyl groups on the ligands 
and all di-sec-butyl derivatives were semi-solids. The diisopropyl and di-tert-
butyl derivatives were most and least volatile, respectively. This is explained by 
butyl-bearing triazenides being larger, and have larger surface area, than the 
propyl-bearing analogs. The larger surface allows for more intermolecular in-
teractions which gives lower volatility. The Ga and In diisopropyltriazenide an-
alogs were also used in ALD to yield excellent quality GaN and InN (Papers I 
and II). 
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7.2 Group 11 Triazenides 
We have reported (1,3-di-tert-butyltriazenide)M(I) for M = Cu, Ag and Au. 
Their thermal properties are improved over the non-cyclic amidinates and rival 
the current generation of high-performance group 11 precursors utilizing biden-
tate N,N-coordinated ligands, the cyclic amidinates. Synthesis of the triazenide 
ligand requires two easy steps from inexpensive starting materials. In contrast 
to the cyclic amidinates, the triazenides have non-complicated structures with 
fewer carbon atoms, which may reduce the risk of carbon contamination during 
CVD or ALD. In the solution-state thermolysis study, films had formed on the 
inside wall of the flame-sealed tubes (Figure 6.6). The films were confirmed to 
be crystalline Cu, Ag and Au by X-ray diffraction. This suggests that the tri-
azenide ligands can act as a reducing agent during thermolysis and possibly be 
used as a single-source precursor for CVD of metallic group 11 films. However, 
deposition studies are required, and it remains to see if the compounds live up 
to their potential. Deposition studies are eagerly awaited to see if the Ag or Au 
compounds can be used for ALD. 
 
Structurally, the 1,3-di-tert-butyltriazenides resemble their amidinate- and the 
non-volatile 1,3-diphenyltriazenide analogs. The Cu triazenide adopted the di-
nuclear form, both in solid- and solution state. Meanwhile, the Ag triazenide 
formed equilibria between the di- and tetranuclear forms in solution state. In 
contrast, the Au triazenide did not form a solution-state equilibrium and the 
transformation from di- to tetranuclear form is irreversible. This property was 
also observed in the gas phase by TGA where the Cu, Ag, and dinuclear Au 
triazenides volatilized at lower temperature than the tetranuclear Au triazenide, 
suggesting that the Au triazenides volatilize in the form they have in the solid 
state while the Ag triazenide form dinuclear species which then volatilize. 

7.3 The Zn Triazenides 
This thesis present synthesis and characterization of bis(1,3-di-tert-butyltri-
azenide)Zn(II) and the 1-tert-butyl-3-methyl analog; two thermally stable and 
volatile Zn triazenides. The di-tert-butyltriazenide analog showed dimers in 
solid state. However, the compounds did not show a dimer-monomer equilib-
rium in solution state. This is still an ongoing work. 

7.4 Group 14 Triazenides 
Volatile divalent group 14 metal triazenides were presented. These compounds 
had two chelating ligands that were pushed to the same side of the metal center 
by a stereo-chemically active lone pair on the metal center. All three compounds 
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showed excellent volatility and thermal stability. The Ge and Pb triazenides are 
the first volatile examples in the class of tetracoordinated and exclusively M–N 
bonded compounds as the amidinates and guanidinates are non-volatile. 

7.5 DFT Investigation into Decomposition Pathways for the 
Group 13 and 14 Triazenides 

DFT was used to map out gas-phase thermolysis pathways for the group 13 and 
14 compounds with combinations of isopropyl and tert-butyl R groups. Path-
ways were found that, to my knowledge, have previously not been considered 
for gas-phase thermolysis of chelating triazenides, amidinates or guanidinates. 
All pathways were initiated by one ligand de-chelating followed by an inter-
ligand proton transfer (Figure 7.1).  
 

 
Figure 7.1: The inter-ligand proton transfer step mapped out by quantum chem-
ical DFT calculations for the group 13 triazenides (M = Al, Ga, In; R1, R2 = 
isopropyl, or tert-butyl; R3 = methyl or hydrogen). An analogous pathway was 
also mapped out for the group 14 triazenides. 
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The deprotonated carbon coordinates to the metal center and the ligand is now 
a C,N-coordinated dianionic ligand. Meanwhile, the protonated triazenide be-
comes a neutral triazene ligand which leaves as a molecule of triazene. Follow-
ing the inter-ligand proton transfer, the deprotonated ligand preferentially de-
composes oxidatively to reduce M(III) to M(I). 

8 Outlook and Recommended Future Work 
The future looks very promising for the dialkyltriazenides as precursors in CVD 
and ALD processes. This has been shown by the ALD of GaN (Paper I), InN 
(Paper II), InGaN106 and In2O3

107 using their respective diisopropyltriazenides. 
Of course, deposition processes should also be developed for other material sys-
tems using the triazenides. It is exciting to see if researchers will use triazenide 
precursors for deposition and if they will ever be adopted for semiconductor 
manufacturing. 
 
There is much work to be undertaken on the dialkyltriazenides. This thesis has 
only scratched the surface of possibilities in terms of metals and ligand alkyl 
groups explored. New compounds with interesting properties are waiting to be 
discovered. I am very curious about triazenides of the s- d- and f-block. Aside 
from developing triazenide precursors for the s-, d- and f-block, my hope is that 
others will attempt to use the compounds that was made in this project, or de-
rivatives of them, in future deposition processes. My biggest regret is that I did 
not try harder to find good collaborators for deposition. 
 
Furthermore, I would be excited to see experimental studies on the surface 
chemistry of the triazenides precursors. Studies like those performed in the 
group of Prof. Francisco Zaera at University of California, Riverside. This type 
of study is highly interesting for the In and Ga triazenides used in our ALD 
studies as these showed multiple temperature ranges with constant growth rate. 
Answers to this behavior could help in further developing precursors. 
 
On a personal note, it would be interesting to see studies on the gas-phase ther-
molysis of the group 13 and 14 triazenides in this thesis. I am curious if any of 
the presented gas-phase thermolysis pathways hold out or are disproven exper-
imentally. 

8.1 AlN Deposition Using Al Triazenide as Precursor 
I initiated an AlN deposition study using the Al triazenides. However, the pro-
ject was shelved due to issues with the ALD tool, and I was nearing the end of 
my PhD. Preliminary studies indicated showed that the 1,3-di-tert-butyl-, 
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diisopropyl, and isopropyl-methyl analogs and ammonia plasma did not yield 
films between 150 and 410 °C. Most likely, these compounds may require 
higher process temperatures. At that time, the highest temperature of the ALD 
tool was 410 °C and it was slowly decreasing due to ageing issues with the 
heater stage. Alternatively, deposition would likely benefit from using an ALD 
tool with a valve downstream past the reactor, that can be closed to allow the 
precursor longer residence time. Interestingly, films were obtained with the tert-
butyl-methyl analog and NH3 plasma. However, issues with the tool resulted in 
irreproducible results. The XRR thickness varied significantly, showing poor 
repeatability and XPS showed an abundance of oxygen throughout the film 
thickness. It is possible that issues with the reactor was the reason why (oxyni-
tride) films were obtained in the first place. 
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