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CHAPTER 1 

Introduction 

 

1.1 Miniaturization of Microelectronic Devices 

Since its development in 1947, the transistor has been a fundamental component of 

modern electronics. In 1965, co-founder of Intel Corporation, Gordon E. Moore, predicted that 

the number of transistors on an integrated circuit would double every 18–24 months.
1  

Keeping 

pace with this assertion, known as “Moore’s Law”, has supported the exponential growth of 

transistor density in microelectronic architecture, leading to smaller, faster, and more power-

efficient devices. Many of today’s logic devices have gate lengths of 22 nm, a space allowing 

only 50 silicon atoms between the source and drain. Some commercially-available chips contain 

features as small as 14 nm.
2
 By 2016, transistors are expected to shrink to the 10 nm node.

3
 

However, continuation of this trend presents formidable challenges. The need to increase 

photolithographic resolution has motivated the refinement of numerical aperture to compensate 

for the intrinsic birefringence of lenses,
4
 and has spawned new techniques such as multiple 

patterning, directed self-assembly, and the use of extreme ultraviolet (EUV) light (λ = 13.5 nm).
2
 

Secondly, undesirable topographical effects during chemical mechanical planarization (CMP), 

such as dishing, scratching, and the propensity to leave remnant particles, become increasingly 

problematic at smaller scales, requiring continuous improvements to polishing pads and slurries.
2
 

Finally, conventional materials often fail to support optimal device performance at reduced 

dimensions and the growth of thin films with absolute thickness control in very high aspect ratio 

features is limited by traditional methods.
2
 Consequently, new precursors and deposition 

processes must be developed to drive device miniaturization beyond the 10 nm node.
2
 



2 
 

 

1.2 Materials Containing Transition Metal Thin Films 

Thin films are ubiquitous in nanotechnology, finding use in magnetic, catalytic, optical, 

and electrical applications. In microelectronic devices, metallic films are employed as conductors 

(transistor gates, electrodes, interconnects) and seed/capping layers, while metal oxides and 

nitrides are used for high-κ applications and diffusion barriers, respectively. Transition metal 

borides are used as hard, refractory, and electrically-conductive materials,
5
 while borates 

demonstrate nonlinear optical behavior,
6
 finding use in devices such as frequency converters, 

waveguides, and switches.
7
 

Modern processors employ billions of transistors as electrically-driven switches for 

parallel computation. The MOSFET is manufactured in a silicon substrate (Figure 1).  The 

conductivity can be altered by the controlled addition of impurity atoms, which support the 

presence of charged particles (n-type: electrons, p-type: holes). Structures are manufactured with 

discrete n-type and p-type regions, isolating domains of negative and positive charges through 

the formation of barriers that prevent the flow of current. The gate is made of a highly-

conductive material, separated from the semiconductor by a dielectric. Applying a suitable 

voltage at the gate attracts electrical charge from the source, lowering the barrier and allowing 

the formation of a conductive channel between the source and drain. CMOS technology uses 

both N-channel and P-channel MOSFETS; the basic cell behaving as a pair of switches acting in 

complementary fashion. However, as the size of the transistor (distance between source and 

drain) is reduced, quantum tunneling effects prevent sufficient charge separation, requiring the 

replacement of traditional SiO2-based dielectrics with materials more resilient to leakage current 

(e.g. HfO2, ZrO2, and TiO2).
8
 As the interlayer of the gate stack, these high-κ dielectrics must 
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resist diffusion of dopants (e.g. boron, phosphorus) and display adequate capacitance, thermal 

stability (high recrystallization temperature), and interface properties. 

 

Figure 1. N-channel MOSFET structure. 

 

Copper has replaced aluminum as the preferred material for conductive interconnect 

structures due to its comparatively-low resistivity and relative resistance to electromigration. 

Metallic Cu is applied to the trenches and vias of circuit elements by a two-step process entailing 

the growth of a thin seed layer by physical vapor deposition (PVD), followed by bulk-fill 

electrodeposition.
9
 However, Cu demonstrates poor nucleation to insulating substrates, 

preventing the formation of a continuous seed layer. Additionally, the diffusion of Cu into Si and 

SiO2 substrates at the elevated temperatures encountered during device fabrication can result in 

short circuits. Mitigating these effects requires the use of inert, refractory materials with good 

adhesion to both Cu and the insulting substrate. Seed layers of metals such as Cr, Co, and Ru 

have been used to enhance Cu nucleation.
10

 Metallization barriers are used to prevent 

interdiffusion, and optimally consist of highly-dense, amorphous films free of grain boundaries 

and defects
11

 that are resistant to stress-induced voiding (SiV) and electromigration.
12

  Nitride-

based films such as TaN and WNx (x = 0.5–1.0), as well as ternary compositions of these 
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materials containing carbon or silicon have been investigated as advanced barriers,
13

 but may fail 

at thicknesses of < 5 nm.
9
 Traditionally, PVD TaN has been used for Cu/Ta/TaN/SiO2 

architectures.
12,14

 However, at trench widths < 100 nm, uniform coverage by this method 

becomes difficult.
12

  CVD TiSiN was subsequently proposed, however, SiV in lower-level 

interconnects and vias resulted from the requisite higher deposition temperatures and poor 

adhesion to Cu, respectively.
12

 WCxNy films also proved unreliable due to their poor adhesion to 

Cu.
15

 Since future liners may require amorphous layers of only 1–3 sequential atoms with sub-

monolayer control,
11

 very thin films ( 5 nm) of Mn,
12,14,16

 Cr, and Ru
17 

have emerged as 

potential Cu diffusion barrier materials.
18

   

Although necessary to the interconnect framework, the volume occupied by these seed, 

barrier, and capping layers decreases the Cu content in trenches and vias, reducing the operating 

frequency of the circuit through increased electrical resistance.
11

 As feature sizes contract, these 

ancillary layers comprise a greater fraction of available volume at the expense of device 

performance. The concept of a “self-forming” Cu barrier offers an alternative to the traditional 

approach. Deposition of a Cu alloy film directly onto SiO2, followed by annealing, enables the 

migration of the alloying element to the alloy/SiO2 interface, forming a thin barrier layer via 

reaction with SiO2.
14

  Exploiting the strength of metal-oxide bonds led to the formation of a self-

forming MgO layer from a Cu/Mg alloy after annealing at 600 °C.
19

 However, the concurrent 

reduction of SiO2 led to free Si atoms that diffused into the Cu interior.
14

 The resultant increase 

in resistivity coupled with the unacceptable thickness (20 nm) of the barrier ruled out Cu/Mg 

from further consideration.
14  

In contrast to Mg and Al, which strongly interact with Cu, Mn has 

an activity coefficient greater than one, and is easily expelled from Cu to participate in 

energetically-favorable reactions.
14

  The diffusivity of Mn in Cu is faster than the self-diffusivity 
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of Cu by an order of magnitude at 450 °C.
14

  Finally, the ΔG° of MnO is slightly larger than that 

of SiO2, therefore, the reduction of SiO2 was not expected as with MgO formation.
14

 

Consequently, it was proposed that Mn atoms would quickly migrate to the interface and form a 

stable oxide before Cu and Si atoms had time to react. Annealing a 150 nm thick 90/10 Cu/Mn 

alloy film on SiO2 at 250–450 °C led to migration of the Mn atoms towards the SiO2 interface, 

forming a 2–8 nm amorphous MnSixOy layer between the SiO2 and Cu layers (Figure 2),
16  

with 

no Mn present in the SiO2 layer or Cu interior.
14 

The barrier layer resisted Cu diffusion during 

annealing at 450 °C for up to 100 h.
16

 Films annealed at temperatures above 300 °C showed 

good adhesion and rapid resistivity reduction, suggestive of reaction at the interface and 

depletion of Mn from the Cu/Mn alloy layer.
14  

In addition to thickness reduction, the MnSixOy 

barrier showed leakage current values slightly less than those for a 15 nm PVD Ta layer.
12

   

 

Figure 2. PVD of a Cu/Mn alloy for MnSixOy diffusion barrier formation. 

 

 

 

Although MnSixOy self-forming barrier layers have proven effective in Cu dual 

damascene interconnect structures, PVD is incapable of producing conformal Cu/Mn alloy films 

in high aspect ratio features.
20 

More recently, a low-temperature, plasma-enhanced atomic layer 

deposition (PEALD) process demonstrated control of Mn content from 0–10 at.%, with 

subsequent annealing affording a 3 nm thick barrier of MnSixOy.
20 

However, radical 
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recombination resulting in film nonuniformity may limit this approach to the 30 nm node.
20

 Last 

year, Winter and coworkers developed novel precursors toward the ALD of Cu/Mn/Cu/SiO2 

stacks, which showed migration of Mn to the Si layer, diagnostic of a self-forming barrier.
21

 This 

development has significant implications for the widespread use of Cu/Mn self-forming barrier 

layers in future microelectronic devices. 

 

1.3 Deposition Methods 

Improving device complexity while lowering cost requires increasing the quantity and 

efficiency of transistors on an integrated circuit. This objective has driven the evolution of thin 

film deposition processes. Established methods, such as physical vapor deposition (PVD)
22

 and 

chemical vapor deposition (CVD),
23

 are typically less expensive, but lack the thickness control 

and conformality required for future applications. By contrast, atomic layer deposition (ALD) 

offers sub-nm thickness control of conformal films in high aspect ratio features and on 3D 

architectures (Figure 3).
24

 

 

Figure 3. Comparison of film coverage and conformality by (a) CVD, PVD, (b) ALD 

processes. 
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1.3.1 Physical Vapor Deposition 

PVD encompasses numerous techniques, including laser-ablation deposition, vacuum-

arc-based deposition, evaporation, and sputter deposition. These methods involve the removal of 

atoms from a source material for deposition on a substrate, either by evaporation or by high-

energy particle bombardment by photons, electrons, atoms, ions, or molecules in a vacuum 

system.
22

 For evaporative deposition, atoms are thermally emitted by heating a region of the 

source material beyond its melting point, with the sample in the direct line-of-sight to the source 

(Figure 4a).
22

 The distance between the sample and source is typically 10–100 cm, with the 

deposition rate roughly scaling as the inverse of the distance squared.
22

 The evaporated flux can 

sustain very high deposition rates (~100 nm/min), supporting the efficient coating of large 

objects such as mirrors, windows, telescope reflectors, and rolls of plastic film.
22

 By contrast, 

sputter deposition uses energetic particles (50–2000 eV) to bombard a surface (known as a 

target).
22

 During these collisions, near-surface atoms dislodged with sufficient energy to 

overcome the surface binding energy are emitted from the target (Figure 4b). 

 

Figure 4. Film growth by (a) evaporative PVD, (b) sputter PVD. 

 

However, despite its widespread use in manufacturing, the directional nature of sputtering 

restricts the number of atoms entering a trench or via, typically limiting its application to features 
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with aspect ratios of < 5:1.
11

 Sputter-coating features of higher aspect ratio often necessitates 

improved control of the depositing trajectories through the use of collimators or in-flight 

ionization.
11

 

 

1.3.2 Chemical Vapor Deposition 

CVD is a technique whereby the substrate is simultaneously exposed to one or more 

gaseous precursors in a vacuum chamber typically heated to > 600 °C (Figure 5).
24e

 Gas-phase 

and surface reactions result in film growth. Particle formation from gas-phase reactions often 

produces non-conformal, granular films
24e

 and can be reduced by decreasing the pressure in the 

deposition chamber, resulting in fewer collisions between gaseous molecules.
23c

 CVD obviates 

the step coverage limitations inherent to PVD at feature sizes < 0.25 μm.
25 

However, thermal 

decomposition of precursors often results in uncontrolled growth leading to morphology 

degradation and impurity incorporation in the film. These factors render CVD inappropriate for 

many high aspect ratio applications. Also, high temperature processes require longer preheating 

and cool-down times and are incompatible with polymer-based low-κ dielectrics, which are often 

limited to temperatures < 200 °C.
11

 

 

Figure 5. Film growth by CVD. 
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1.3.3 Atomic Layer Deposition 

The concept of ALD was first proposed in 1952, in the Ph.D. thesis of V. B. 

Aleskovskii.
26

 Working in Finland in the mid-1970s, Tuomo Suntola later developed the 

technology (originally referred to as atomic layer epitaxy), toward the manufacturing of thin film 

electroluminescent flat-panel displays.
27–28 

In 1989, advances in alkyl precursor development and 

III–V compounds led to the discovery of the most widely-studied ALD process to date, Al2O3 

films from trimethylaluminum and water.
29

 By offering atomic-level thickness control and 

uniform coverage of high aspect ratio features,
24

 ALD supports the precision demands required 

of next-generation devices.
2,9–10 

Consequently, interest in ALD continues to increase, as 

evidenced by the rise in the number of annual ALD publications (Figure 6). 

 

Figure 6. Number of ALD publications per year from 2000–2014, per SciFinder. 

 

 

In essence, ALD is an advanced variant of CVD, whereby precursor vapors are delivered 

to the substrate surface by alternating pulses, typically in a four-step sequence.
24a–b

 The metal 

precursor is transported as a vapor by an inert gas to the reactor, where it adsorbs to, or reacts 

with surface sites on the substrate. Once the surface is saturated, an inert gas purge removes 

residual precursor and reaction byproducts. A coreagent is then pulsed into the reactor, where it 
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reacts with the adsorbed metal precursor, affording a portion of the film. A final inert gas purge 

removes excess coreagent and byproducts, concluding one growth cycle (Figure 7).
24

 Surface 

saturation supports self-limited growth, and exact reagent stoichiometries are unnecessary.
24

 This 

stepwise process is repeated a plurality of times until the desired film thickness is achieved.
24b

 

 

 

Figure 7. A typical ALD process: TiCl4 reacts with H2O toward the growth of TiO2 films. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Unlike CVD, where high temperatures often result in uncontrolled growth by precursor 

decomposition, ALD processes are defined by a self-limited growth mechanism, at temperatures 

precluding thermal decomposition of the precursors. Reactions are driven by the formation of 

strong chemical bonds (e.g. metal-oxygen, silicon-halogen, etc.) and the formation of 
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entropically-favorable gaseous byproducts. Although PVD and CVD offer higher growth rates, 

the conformality and level of control offered by ALD is of greater relevance for many 

applications. The hallmark of an ALD process is a region of constant growth on a plot of growth 

rate versus precursor pulse length (Figure 8).
24

 Delivery of a minimum saturative dose is 

required for the reaction of all available surface sites. For a thermally-stable precursor, this self-

limited mechanism prevents additional growth beyond this dose.   

 

Figure 8. Growth rate versus precursor pulse length. Region A indicates sub-saturative 

growth, while region B indicates saturative growth. 

 

 
 
 

The thermal behavior of an ALD process is reported as the dependence of growth rate on 

deposition temperature. An “ALD window” is defined as the region where the growth rate is 

independent of temperature.
24

 The width of the window depends on the physical properties of the 

precursors and the nature of the chemistry between them. Figure 9 depicts an ALD window (C) 

along with areas corresponding to increased growth rate due to precursor condensation (B) and 

thermal decomposition (D, CVD-type growth), and decreased growth rate due to insufficient 

precursor reactivity (A) and desorption of the substrate-bound precursor or loss of surface 
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reactive sites (E). The presence of an ALD window is typical of most ALD processes, though not 

required for self-limited growth. A wide ALD window allows for a fixed growth rate during 

temperature fluctuations
24

 and overlapping ALD windows enable the deposition of different 

materials (e.g. multilayer films, metal alloys, etc.) at a constant substrate temperature. 

 

Figure 9.  Growth rate versus deposition temperature, illustrating regions A: insufficient 

precursor reactivity, B: precursor condensation, C: ALD window, D: precursor 

decomposition, and E: desorption of precursor from the substrate or surface site 

deactivation. 

 

 
 

 

A plot of film thickness versus the number of cycles should be linear when saturative precursor 

doses are applied.
24e

 The slope of this line indicates the saturative growth rate, while the 

extrapolated y-intercept gives insight to potential nucleation issues and crosses the origin for 

ideal processes. Typically, material is deposited by ALD at a rate of 0.1–3.0 Å/cycle.
24a

   

The growth temperature of an ALD process depends on the thermal behavior and 

chemical reactivity of the precursors and the desired qualities of the film. Elevated temperatures 

may be used to increase the density of certain metallic films or induce crystallinity. The 
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crystalline structure of a film is often temperature dependent, and strongly affects the properties 

of oxide films.
30

 Lower temperatures characteristic of many ALD processes curtail the 

agglomeration of highly surface-mobile species (e.g. Cu). Surface migration of metal atoms can 

result in island-type growth, rough films, or void formation, all of which can compromise device 

performance. ALD processes ≤ 100 °C tend to avoid these deleterious effects.   

 

1.4 ALD Fundamentals 

ALD precursors must possess adequate volatility, thermal stability, and chemical 

reactivity toward coreagents to facilitate film growth.
24a–b

 The structure of the ligand has a strong 

effect on the properties of the metal precursor. Ligands can be categorized as either anionic or 

neutral. Some anionic ligands that have been used for vapor deposition precursors include 

alkoxides, β-diketonates, amidinates, carbohydrazides, diazadienes, hydrazonates, 

triazapentadienes, pyrrolylaldiminates, β-diketiminates, cyclopentadienes, and halides (Chart 1). 

Neutral ligands that have been used for precursors include phosphines, vinyltrimethylsilanes, and 

carbonyls.  

Sufficient volatility (high vapor pressure) is required for effective mass transport of the 

precursor, enabling surface saturation. Highly-volatile precursors are typically monomers 

comprised of low molecular weight ligands. First-row transition metal compounds containing 

many β-diketonate ligands are oligometric due to insufficient saturation of the metal coordination 

sphere. While adding bulky substituents to the ligand backbone has afforded monomeric β-

diketonate complexes, these also display low volatilities due to increased molecular weight.
31

 

The sterics and electronic structure of the ligand can also effect the volatility of the metal 

precursor. The addition of alkyl groups to a ligand can lower the symmetry of the metal 

precursor, reducing the binding energy of the crystalline lattice, resulting in increased volatility. 
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Ligands containing aromatic moieties may sublime at higher temperatures due to π-stacking 

interactions in the solid state. Also, ligands containing NMe2 groups may sublime at lower 

temperatures than analogues containing tert-butyl groups due to the intermolecular repulsions of 

the nitrogen lone pairs.
32

 Finally, the rotational entropy of a ligand can affect the melting point of 

the precursor, and thus, its volatility. However, as a general rule, the steric bulk of the ligands 

should be minimized to maximize the density of precursor molecules adsorbed to the substrate.   

Thermal stability of the precursor is required to prevent the incorporation of 

contaminating elements (e.g. H, C, N, O) into the film by decomposition pathways (CVD-type 

growth). Precursors that are thermally-stable above 200 °C are often preferred, as these tend to 

avoid decomposition over extended periods of heating in bubblers and support processes with 

wider ALD windows.
31

 Chelating anionic ligands generally afford higher thermal stabilities, and 

consequently, higher upper temperature limits for self-limited growth, while neutral ligands 

typically have low thermal stabilities, as neutral ligand loss often provides a low-temperature 

decomposition pathway. Precursors with carbonyl ligands are often very volatile; however, facile 

ligand loss may result in CVD growth contributions in ALD processes at higher temperatures. 

Conjugated ligands lacking β-hydrogen atoms are desirable, as resonance and the absence of β-

hydrogen elimination pathways contribute to greater thermal stability. Alkoxide ligands such as 

dmap and dmamp have been used for Cu and Ni complexes with high volatilities, however, the 

presence of β-hydrogen atoms impart low thermal stabilities to these precursors. β-

diketiminates
33–34 

and some amidinates
35–38

 are monomeric but may also display low thermal 

stabilities. α-Imino alkoxide ligands do not contain β-hydrogen atoms and have been used for 

precursors containing Co(II), Fe(II), Mn(II), and Cr(II) ions.
39
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Chart 1. Monoanionic ligands used for vapor deposition precursors. 
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Precursors must also demonstrate adsorption or reaction with surface sites and sufficient 

reactivity toward coreagents to support an acceptable growth rate at the deposition temperature.
40

 

Consequently, metal ALD is best developed for Mo, W, Cu, Sb and the noble metals. The 

positive reduction potentials of these metal ions enable the reduction of M(II) precursors to the 

zero valent state by low-temperature ALD processes.
31

 In contrast, cations of electropositive 

metals have negative reduction potentials,
41

 and thus, typically require high temperatures or the 

use of plasma to facilitate film growth (Table 1).
31

 A general lack of strongly-reducing 

coreagents has greatly limited the ALD of first-row transition metal and other electropositive 

element films. New chemistry capable of facilitating the low-temperature reduction of first-row 

transition metal cations is in high demand. A recent report described a set of first-row transition 

metal complexes using the 
t
Bu2DAD radical anion ligand which sublime at 85–115 °C/0.05 Torr 

and are thermally stable to ≥ 230 °C.
42

 These precursors decompose to metal foils at elevated 

temperatures by ligand-to-metal electron transfer due to the redox non-innocent nature of the 

ligand, and thus, offer an interesting route to metal film growth by ALD or CVD.
42

  

 

 

Table 1. Electrochemical potentials of first-row transition metals.
41 

 

 

Reaction E° (V) 

Ti(II) + 2e
–
 ↔ Ti(0) –1.630 

V(II) + 2e
–
 ↔ V(0) –1.175 

Cr(II) + 2e
–
 ↔ Cr(0) –0.913 

Mn(II) + 2e
–
 ↔ Mn(0) –1.185 

Fe(II) + 2e
–
 ↔ Fe(0) –0.447 

Co(II) + 2e
–
 ↔ Co(0) –0.280 

Ni(II) + 2e
–
 ↔ Ni(0) –0.257 

Cu(II) + 2e
–
 ↔ Cu(0) 0.3419 

Zn(II) + 2e
–
 ↔ Zn(0) –0.7618 
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Precursor reactivity may be augmented by the use of an additional energy source such as 

plasma. PEALD employs the use of high-energy radicals which can increase fragmentation of 

the surface-bound precursor molecules or enhance the removal of byproducts, offering higher 

growth rates akin to CVD at reduced temperatures.
11

 Plasma sources include O2, N2, NH3, H2, 

and H2O vapor. PEALD processes have been reported for numerous metal and metal alloy films, 

including Ti,
11 

Mn,
20

 Co,
43–45

 Ni,
45–47 

 and Cu.
20,48

 However, plasma species can damage 

substrates and engage in radical recombination reactions, limiting their availability for conformal 

surface coverage in high aspect ratio features.
31,49

    

Precursor selection typically requires compromise with regard to volatility, thermal 

stability, and reactivity, highlighting the need for new classes of ligands. Still, other 

considerations are also important when selecting a precursor or designing an ALD process.  In 

general, liquid precursors are preferred, due to their constant, high vapor pressures and ease of 

handling.  By contrast, the sublimation rate of a solid depends on its particle size, and some solid 

particles may be inadvertently transported into the deposition zone. Byproducts of the film 

growth process must be volatile, lest they become incorporated into the growing film. Finally, 

the chemistry supporting an ALD process is ideally non-toxic, scalable, and cost-effective 

(relatively simple, high-yield syntheses) for use in high volume manufacturing.  Failure to meet 

these criteria has limited or prevented the ALD of many materials. 

The following sections describe the current status of first-row transition metal precursors 

and vapor deposition processes. 
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1.5 First-row Transition Metal ALD Precursors and Processes 

1.5.1 Titanium 

TiO2 is a wide-bandgap (3.3 eV) semiconductor used for reflective optical coatings.  

Films of TiO2 are used to protect the native oxide layer on titanium surfaces,
50

 while films of 

Ti/TiN serve as liners for dielectric trenches, preventing the diffusion of copper into the 

dielectric.
11

 TiC and TiB2
51

 are metallic ceramics while TiCN is used as a metal coating to 

increase hardness or reduce friction. Titanium metal films have numerous applications in 

microelectronic devices, including recent reports of Ti/Al alloy liners for advanced transistor 

structures.
52–54

 

There is an abundance of commercially-available titanium precursors, and numerous 

examples of non-metallic Ti-containing films have been reported. TiO2 films were grown by 

CVD
55 

and PEALD
56

 using Ti(O
i
Pr)4, and by CVD using Ti(O

i
Pr)2(deacam)2.

57
 TiO2 films were 

grown by ALD using TiCl4,
58

 Ti(OMe)4,
59–60

 Ti(OEt)4,
61

 Ti(O
i
Pr)4,

62
 Ti(NMe2)4,

63–64 
Ti(NEt2)4,

63
 

and Ti(NMeEt)4.
63

 Annealing of TiO2 co-deposited with other  metal oxides produced mixed-

oxide crystalline species, e.g. Ho2Ti2O7,
62b,65

 CoTiO3,
60

 or CoTi2O5.
60

 TiN films were grown by 

PECVD using Ti(OEt)4 with N2 plasma
66

 and by PEALD using Ti(NMe2)4 with NH3 plasma.
67

  

Titanium carbide films were grown by low-pressure CVD from Ti(NEt2)4 and NH3 at 500–

700 °C, affording a TiCxNyOz composition,
68 

 and TiB2 films were grown by CVD using a 

single-source precursor, Ti(BH4)3(MeOCH2CH2OMe), at temperatures ≥ 170 °C.
51

 Novel 

titanium precursors suited for ALD include a trivalent amidinate complex
37

 and a set of 

heteroleptic guanidinates, Cp2Ti[(
i
PrN)2CNRR’)] (R = R’= Me2; R = R’= Et2; R = H, R’ = 

i
Pr; R 

= R’= 
i
Pr2).

69
 However, titanium has a very negative electrochemical potential (Ti(II) → Ti(O), E° 

= −1.631 V),
41

 thus, reports of titanium metal film growth from chemical precursors are scarce. 
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CVD of Ti/Al alloy films was demonstrated using AlH3(NMe3) and TiX4 (X = Cl, Br) at 

temperatures of 65−127 °C.
70 

The aluminum content resulted from the competitive thermal 

decomposition of AlH3(NMe3) to aluminum metal during the reduction of TiX4 to titanium 

metal.
70

 Varying the AlH3(NMe3)/TiX4 ratio enabled the tuning of the TixAl1-x film composition 

by favoring one of the two competing processes (Al co-deposition or AlH3(NMe3) reduction of 

TiX4).
70

 Although carbon, nitrogen, and oxygen impurities were < 1 at.% for conformal films 

grown at 127 °C, a critical ratio of AlH3(NMe3)/TiClx was required to prevent significant halide 

contamination, likely by removal of chlorine through the formation of AlCl3 as a volatile 

byproduct.
70

 An alternate CVD approach to titanium films used TiCl4 and sodium vapor, which 

afforded films that were contaminated with NaCl.
71 

The lone report of ALD titanium films 

employed TiCl4 and H2 plasma at 20–200 °C.
11

 Amorphous films were grown at a rate of 1.5–1.7 

Å/cycle at substrate temperatures of ~250–400 °C and oxidized immediately upon air exposure.
11

 

The development of a low-temperature, plasma-free ALD process for the growth of metallic 

titanium is a presently-intractable problem requiring new chemistry to address the difficult 

chemical reduction of the titanium cation. 

 

Chart 2. Titanium precursors used for vapor deposition processes. 
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1.5.2 Vanadium 

Vanadium oxides find numerous applications in catalysis, solid-state batteries, 

electrochromic devices, and infrared modulators.
72

 VO2 undergoes a reversible thermochromic 

transition at 68 °C, suggesting its application as a smart window coating,
73–75

 while V2O3 

displays a crossover in transmission and reflection curves, suggesting its use in solar control 

applications.
76

 

 Various methods are known for the preparation of vanadium oxides, including sol-gel, 

sputtering, vacuum evaporation, spin coating, thermal oxidation of metallic vanadium substrates, 

and CVD.
77–79

 CVD precursors include vanadium chlorides such as VCl4 and VOCl3,
77e,78

 

vanadium alkoxides such as VO(O
i
Pr)3,

72b,80
 VO(OC2H5)3,

81
 and V(OCMe2CH2OMe)3,

82
 

vanadium β-diketonates such as V(acac)3,
76

 VO(acac)2,
76,83–84 

VO(hfac)2(H2O),
84

 VO(tmhd)2,
84

 

and VO(hfod)2,
84

 along with nitrogen-containing compounds such as V(NMe2)4
85

 and 

VO(NO3)3.
80

 

 The phase of vanadium oxide grown by CVD is dependent on several factors, including 

substrate temperature,
78

 reagent concentration,
78

 solvent (for AACVD),
76

 and carrier gas flow 

rate.
76

 Additionally, the orientation (dominant growth face) and morphology of the deposited 

film can significantly depend on the precursor and the growth temperature, respectively.
80

 

APCVD of V2O5, VO2, VOx (x ~2.00–2.50) and V6O13 on glass used VCl4 and water at 400–

550 °C.
78

 AACVD of V2O3, VO2, and V2O5 on glass used VO(acac)2 or V(acac)3 at 500–

600 °C.
76 

Doping can modify the properties of these films. Use of VO(acac)2 and W(V)-ethoxide 

in ethanol afforded the AACVD of W-doped VO2 films with lower transition temperatures and 

improved optical properties.
86 

Use of VO(acac)2 and TFAA in ethanol afforded fluorine-doped 
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VO2 films with improved aesthetics when grown by AACVD on glass at 525 °C.
87

 Finally, VSe2 

films were grown by APCVD using V(NMe2)4 and 
t
Bu2Se.

85
  

The ALD of VO2 films was reported using V(NEtMe)4 and ozone at 150 °C.
88

 Other 

volatile vanadium compounds include a trivalent amidinate complex, V(
i
PrNC(Me)N

i
Pr)3 (subl. 

70 °C/0.045 Torr),
37

 and an octahydrotriborate complex, Cp*V(B3H8)2 (subl. 70 °C/0.05 Torr),
89

 

however, these have not yet been evaluated as vapor deposition precursors. To date, vanadium 

metal film growth has not been reported by CVD or ALD. 

 

Chart 3. Vanadium precursors used for vapor deposition processes. 

 

 
 

 

1.5.3 Chromium 

Recently, non-stoichiometric chromium oxide-based thin film cathodes were used in 

rechargeable and primary lithium batteries,
90

 while chromium metal has been proposed as a seed 

layer for copper.
10

 CVD of chromium oxide films has employed the use of Cr(acac)3, 

Cr(tmhd)3,
91

 Cr(CO)6, CrO2Cl2, CrO3, and other volatile chromium oxides,
92–93

 whereby the 

oxide-containing compounds function as single source precursors while the organometallic 

compounds require a coreagent (e.g. H2O, O2, etc).
94 

More recently, Cr2O3 films were deposited 

using Cr(CO)6 and O2, by low-pressure photolytic LCVD at room temperature.
95

  Cr(CO)6 was 

also decomposed to Cr2O3 by CVD, then carburized under CH4/H2 at 700–850 °C, leading to a 

metastable Cr3C2−x phase and a stable Cr3C2 phase.
96

 Finally, Cr(B3H8)2
97a–b

 was used as a single-

source precursor for the CVD of CrB2 at temperatures ≥ 200 °C.
97c
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Other chromium precursors with sufficient volatility and thermal stability for ALD 

include the amidinate (Cr(
i
PrNC(Me)N

i
Pr)3),

94
 diazadienyl (Cr(

t
Bu2DAD)2),

42
 hydrazonate 

(Cr(
t
BuNNCHC

t
BuO)2),

98
 and 1,2,5-triazapentadienyl (Cr(

t
BuNNCHCHN

t
Bu)2)

32
 complexes, 

along with complexes containing the pyrazolate/triazolate (Cr(
t
BuNC(Me)N

t
Bu)2(X) (X = Pz

3,5-

Me2
, Pz

3,5-tBu2
; 1,2,4-Trz

3,5-Me2
, 1,2,4-Trz

3,5-iPr2
))

94 
and α-imino alkoxide (Cr(RR’COCN

t
Bu)2 (R = 

Me, R’ = 
t
Bu; R = R’= 

t
Bu))

39
 ligand systems. The lone report of Cr metal ALD used 

Cr(Me
t
BuCOCN

t
Bu)2 and BH3(NHMe2), demonstrating a growth rate of 0.08 Å/cycle within the 

170–185 °C temperature range.
39

 However, growth only occurred on a Ru substrate and required 

a nucleation step. Growth was linear up to 1,000 ALD cycles, beyond which a plateauing effect 

suggested the catalytic function of the Ru substrate.
39

 

 

Chart 4. Chromium precursors used for vapor deposition processes. 

 

 

 
 

 

1.5.4 Manganese 

All manganese oxides are semiconductors.
99

 MnO2 films have numerous applications, including 

use in batteries and as a layer material in Ta thin film capacitors.
99

 MnO films also have 

applications for batteries,
100

 while Mn metal films are of interest for self-forming Cu/Mn barrier 

layers.
12,14,16

   

A CVD process using Mn2(CO)10/H2O afforded the epitaxial growth of MnO 

nanoparticles on Pt(111) substrates;
101

 subsequent work probed the surface chemistry of this 
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precursor on SiO2/Si(100) and Cu surfaces.
102

 Mn(tmhd)3 is a useful precursor for CVD and 

PEALD.
91

 A CVD process using Mn(tmhd)3/O2 yielded carbon-free manganese oxide films at 

360–480 °C; high resolution XRF analysis suggested that the oxidation state of the Mn(III) ion 

remained unchanged from the precursor to the deposited oxide film.
103

 ALD of β-MnO2 films 

was achieved from Mn(tmhd)3/ozone.
99

 This process was later used to show the dependence of 

the MnO2 phase on the substrate, growing films of α-MnO2, β-MnO2, β’-MnO2, and ε-MnO2.
104

  

ALD of MnO films was demonstrated using (Mn(CpEt)2)/H2O.
105

 Subsequent work probed the 

surface chemistry
106

 of this precursor on Si/SiO2 substrates and the use of gas-phase electron-

impact ionization toward enhanced dissociative adsorption on silicon surfaces with the formation 

of very thin layers of Mn metal.
107

 

The amidinate precursor, Mn(
i
PrNC(

n
Bu)N

i
Pr)2, was used with H2 toward the selective 

CVD of Mn metal on Cu to strengthen the interface between Cu and dielectric insulators.
108

 

Mn(tmhd)3 was used for the PEALD of Cu/Mn metal alloy films, whereby the Mn content was 

controlled from 0–10 at.%.
20

 A growth rate of 0.65 Å/cycle was observed within the 100–180 °C 

temperature range with < 3% of C, O, and N impurities observed by XPS.
20

 Subsequent 

annealing of these films afforded a 3 nm barrier of MnSixOy.
20

 Thermal ALD growth of Mn 

metal was demonstrated using the α-imino alkoxide dimer, [Mn(Me
t
BuCOCN

t
Bu)2]2, and 

BH3(NHMe2) at 225 °C (0.10 Å/cycle), however, growth only occurred on a Ru substrate and 

required a nucleation step.
39

 Film thickness plateaued after 1,000 ALD cycles, suggesting the 

catalytic function of the Ru substrate.
39

 Subsequently, this precursor was used with Cu(dmap)2 

and BH3(NHMe2) for the ALD of 70/30 Cu/Mn alloy films (0.09 Å/cycle) and Cu/Mn/Cu film 

stacks over-coated with SiO2.
21

 Stacks grown on Pd and Pt substrates showed diffusion of Mn 

atoms to the SiO2/Cu interface, diagnostic of self-forming Cu/Mn barrier layers.
21
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Other compounds with the requisite volatility and thermal stability for ALD include the 

amidinate (Mn(
t
BuNC(Me)N

t
Bu)2),

36-37
 diazadienyl (Mn(

t
Bu2DAD)2),

42
 and hydrazonate 

(Mn(
t
BuNNCHC(

t
Bu)O)2)

98
 complexes, along with complexes containing the 1,2,5-

triazapentadienyl (Mn(
t
BuNNCHCHNR)2 (R = 

t
Bu, NMe2))

32
 and α-imino alkoxide 

([Mn(RR’COCN
t
Bu)2]2 (R = Me, R’ = 

t
Bu; R = R’= 

t
Bu))

39
 ligand systems.  

 

Chart 5. Manganese precursors used for vapor deposition processes. 

 

 

1.5.5 Iron 

Iron oxides find numerous applications as pigments, coatings, and catalysts. Specifically, 

α-Fe2O3 serves as an energy-efficient paint coating, enhancing near infrared reflectance, thereby 

reducing solar absorption.
109

 Hermatite (α-Fe2O3) and magnetite (Fe3O4)
110

 have useful magnetic 

and optical properties that may be exploited in transparent magnetic oxide films.
111

 Finally, 

metallic Fe is used for MRAM device applications.
112

   

Phase-selective deposition of α-Fe2O3 and Fe3O4 was achieved by CVD using 

[Fe(O
t
Bu)3]2.

111
 ALD processes using [Fe(O

t
Bu)3]2 and water enabled the growth of Mg-doped 

Fe2O3 films
113

 and Fe2O3 nanotube arrays.
114

 Fe(tmhd)3
91

 was used with ozone for the ALD of 

spinel phase Fe2CoO4 films.
115

 Fe(Cp)2 was used with O2 for the ALD of α-Fe2O3 on zirconia 

nanoparticles.
116

 Fe(Cp)2 was also used with ozone for the ALD of α-Fe2O3 on Si(100),
117

 

Fe2O3/Fe3O4 on 3D substrates with SnO2 nanoparticles,
118

 and Ti-doped α-Fe2O3 electrodes for 
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water oxidation.
119

 Finally, FeO films were grown by ALD from Fe(
t
BuNC(Me)N

t
Bu)2/H2O at 

250 °C.
36

 

CVD of Fe metal was demonstrated by the pyrolysis of Fe(Cp)2 on thin Ni strips at 490–

600 °C,
120

 and by the selective decomposition of Fe(CO)5 on patterned SiO2 substrates at 250–

400 °C.
121

 Claims of Fe metal ALD are scarce, and require the use of higher temperatures
36

 or a 

catalytic substrate.
39

 Amidinate ligands were used to synthesize monomeric and dimeric Fe(II) 

compounds;
37

 a process using Fe(
t
BuNC(Me)N

t
Bu)2/H2 afforded Fe films at 250 °C with a 

growth rate of 0.08 Å/cycle.
36

 Self-limited behavior was claimed, however, the solid state 

decomposition temperature of this precursor was not reported, suggesting the possibility of a 

CVD contribution toward film growth.  

 

Chart 6. Iron precursors used for vapor deposition processes. 

 

 

Other compounds with the requisite volatility and thermal stability for ALD include a 

diazadienyl (Fe(
t
Bu2DAD)2) complex,

42
 along with complexes containing the hydrazonate 

(Fe(
t
BuNNCHC(R)O)2 (R = 

t
Bu, 

i
Pr) and Fe(

t
BuNNCMeCMeO)2),

98
 1,2,5-triazapentadienyl 

(Fe(
t
BuNNCHCHNR)2 (R = 

t
Bu, NMe2)),

32
 and α-imino alkoxide (Fe(RR’COCN

t
Bu)2 (R = Me, 

R’ = 
t
Bu; R = R’= 

t
Bu))

39
 ligand systems. Of these, self-limited growth was demonstrated using 

Fe(Me
t
BuCOCN

t
Bu)2 and BH3(NHMe2) at 180 °C (0.07 Å/cycle), however, growth only 
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occurred on a Ru substrate and required a nucleation step.
39

 Film thickness plateaued after 1,000 

ALD cycles, suggesting the catalytic function of the Ru substrate.
39

 

1.5.6 Cobalt 

Cobalt-containing materials are used in lithium ion batteries and magnetoresistive devices, 

while cobalt metal films are employed in DRAM and MRAM applications. Additionally, cobalt 

metal films serve as magnetic materials, CoSi2 contact materials, liners for copper seed layers,
 

and caps for selective deposition over copper circuit lines (functioning as both a diffusion barrier 

and an adhesion layer for SiC).
122

 

Co3O4 films have been grown from Co(tmhd)2 by PECVD
123a

 and pulsed liquid-injection 

CVD.
123b

 A PEALD process for Co3O4 was reported using CoCp2 and remote O2 plasma, with a 

growth rate of 0.50 Å/cycle within the 100–400 °C temperature range. ALD Co3O4 films were 

subsequently described using Co(
i
Pr2DAD)2 and ozone, with a growth rate of 1.20 Å/cycle 

within the 120–250 °C window.
125

 ALD processes employing Co(tmhd)2 and ozone were used 

for the growth of Co3O4,
126

 spinel phase Fe2CoO4,
115

 and a p-type thermoelectric material, 

[Ca2CoO3]0.62[CoO2].
127

 ALD CoO films were claimed using Co(
i
PrNC(Me)N

i
Pr)2 and H2O at 

250 °C.
36

   

CVD of cobalt metal from the liquid precursor μ
2
-η

2
-(

t
Bu-acetylene)Co2(CO)6 (CCTBA) 

and H2 at 150 °C afforded conformal, high-purity films on 15:1 aspect ratio patterned wafers.
128

 

Rapid thermal annealing (RTA) produced CoSi at 500 °C, while CoSi2 was observed at 

600 °C.
128

 CCTBA was subsequently used for the PEALD of continuous cobalt films at 

150 °C.
129

 Application of a plasma pretreatment improved nucleation density by increasing the 

number of active sites, while the use of H2 as the carrier gas decreased film resistivity by 

improving the efficiency of organic ligand removal; resultant films were sufficient for copper 
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electrochemical plating (ECP).
129

 PEALD cobalt films were also reported using CoCp(CO)2,
130–

131
 CoCp2,

130a,132–133
 Co(MeCp)2,

134 
Co2(CO)8,

43,131
 and CoCp(

i
PrNC(Me)N

i
Pr).

44
 Films from 

CoCp2 or CoCp(CO)2 with NH3 plasma resulted in CoSi and CoSi2 phases after RTA due to the 

presence of a SiNx interlayer.
130,132

  PEALD cobalt nanorods were subsequently grown on Si and 

SiO2 substrates  using CoCp2 with a mixture of NH3 plasma/SiH4 plasma.
45

 Two indirect 

methods were reported for the thermal ALD of cobalt metal nanotubes in alumina membranes: 

CoCp2/H2O/H2 and CoCp2/ozone followed by a 400 °C anneal under forming gas.
135

  

Claims of direct thermal ALD for cobalt metal include multiple processes where the 

deposition temperature exceeded the thermal stability of the precursor. Several amidinate 

complexes were synthesized with good volatilities for vapor deposition processes.
37–38

 

Co(
i
PrNC(Me)N

i
Pr)2 was used with and H2 gas at 350 

°
C for the growth of cobalt metal at a rate 

of 0.12 Å/cycle.
36

 This precursor was subsequently used for area-selective ALD with an 

octadecyltrichlorosilane (OTS) self-assembled monolayer (SAM) blocking layer at 300–340 
°
C 

(H2 gas)
136

 and 350 
°
C (H2 gas,

137
 NH3 gas,

137–138 
and

 
NH3 plasma).

138
 Although self-limited 

behavior was demonstrated,
36

 the temperatures used for these studies were significantly higher 

than the decomposition temperature of Co(
i
PrNC(Me)N

i
Pr)2 (215–225 

°
C),

139
 suggesting a 

considerable CVD component toward film growth. Theoretical studies showed the thermal 

decomposition of cobalt amidinate complexes may be due to metal activation of β-C-H bonds of 

N- and C-bound alkyl groups in the amidinate ligand cores.
140–141

 The cyclic exposure of 

CCTBA at 140 °C followed by a 300 °C anneal yielded cobalt metal films on SiO2 and Si-H 

substrates; the stability of the carbonyl groups on Si-H lead to lower growth rates.
142

 The 

subsequent ALD of cobalt metal from a similar liquid compound, (2-tert-butylallyl)Co(CO)3, 

with 1,1-dimethylhydrazine was claimed at 140 °C, however, self-limited growth was not 
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demonstrated.
143

 Additionally, the onset of thermal decomposition for this precursor appears to 

be ~90 °C in the liquid state (Appendix A), implying a CVD component to the film growth 

process at 140 °C. However, this process displayed impressive selectivity, favoring growth on 

Si-H over OH-terminated oxide surfaces on Si(111) substrates.
143

 This precursor was later used 

with trisilane for the ALD growth of CoSi2 films.
144

 

 

Chart 7. Cobalt precursors used for vapor deposition processes. 

 
 

 

 

Other cobalt compounds with the requisite volatility and thermal stability for ALD 

include the diazadienyl (Co(
t
Bu2DAD)2)

42
 and carbohydrazide (Co(Me2NN=C(

t
Bu)O)2)

145
 

complexes, along with complexes containing hydrazonate (Co(
t
BuNNCHCRO)2 (R = 

t
Bu, 

i
Pr) 

and Co(
t
BuNNCMeCMeO)2),

98 
1,2,5-triazapentadienyl (Co(

t
BuNNCHCHNR)2 (R = 

t
Bu, 

NMe2)),
32

 and α-imino alkoxide (Co(RR’COCN
t
Bu)2 (R = Me, R’ = 

i
Pr; R = Me, R’ = 

t
Bu; R = 

R’= 
t
Bu))

39
 ligand systems. Self-limited growth was demonstrated using Co(Me

i
PrCOCN

t
Bu)2 

and BH3(NHMe2) at 180 °C (0.07 Å/cycle), however, growth only occurred on a Ru substrate 

and required a nucleation step.
39

 Film thickness plateaued after 1,000 ALD cycles, suggesting the 

catalytic function of the Ru substrate.
39
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1.5.7 Nickel 

Ni3N is used for negative electrodes for lithium ion batteries
146

 and as an intermediate 

material for the formation of nickel metal and NiSi.
147

 NiO is a p-type semiconductor with a 

bandgap of 3.5–4.0 eV
148

 with applications for non-volatile memory devices
149–151 

and 

photocatalytic water splitting.
152–153

 Nickel metal thin films are used as electrodes and contacts in 

MOSFETs.
154

 

Ni3N has been grown by both CVD and ALD. A direct liquid injection (DLI) CVD 

process for NiNx films was described using Ni(
t
BuNC(Me)N

t
Bu)2 and NH3 on H-terminated 

Si(100) and highly-doped polysilicon substrates; RTA in forming gas at ≥ 440 °C resulted in 

NiSi films with resistivities of 15 μΩ∙cm.
147

 CVD Ni3N films were also reported from 

Ni(tmhd)2
91

 with NH3 or H2 gas.
155–156

 An ALD process for Ni3N was demonstrated from 

Ni(
t
Bu2DAD)2 and anhydrous 1,1-dimethylhydrazine, with a growth rate of 0.70 Å/cycle within 

the 225–240 °C temperature range.
157

 

Nickel oxide deposition has been well-documented. NiCp2 was used with O2 for the CVD 

of NiO
158

and NiO/Ni2O3.
159

 NiO films were also grown by CVD from Ni(dmamb)2/O2
149 

and
 

Ni(TTA)2∙TMEDA/O2,
160

 and by PECVD from Ni(acac)2/O2.
161

 In some cases, the deposition 

temperature
149,159 

and O2 flow rate
161 

had an effect on the preferred crystal orientation. ALD 

processes for NiO have been reported from NiCp2/ozone,
162–163

 Ni(EtCp)2/ozone,
162

 

Ni(tmhd)2/H2O,
155,164

 Ni(dmamp)2/H2O,
165

 and Ni(dmamb)2/ozone
166

 or water.
151,167 

Of these, the 

final approach was applied at 140 °C to induce crystallization in amorphous silicon after 

annealing at 575 °C for 1 hr under forming gas.
168

 The metal-induced crystallization may arise 

from the formation of nickel silicides, which act as seeds for nucleation in the growth of 

crystalline silicon.
168
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Nickel metal CVD was demonstrated from Ni(dmamp)2 as a single-source precursor at ≥ 

250 °C
169

 and by the pyrolysis of Ni(Cp)2 on stainless steel rods at temperatures ≥ 550 °C.
120

  

Other reported CVD processes include CpNi(allyl)/H2
170–171 

and
 
Ni(ktfaa)2/H2.

172
 Another CVD 

approach used Ni(MeCp)2/H2 at 300 °C; subsequent reaction of the Ni film with the Si substrate 

resulted in NiSi and NiSi2 formation.
173

 A novel indirect route employed the CVD of Ni3N on 

NiO layers from Ni(tmhd)2/NH3, with subsequent decomposition of the metastable Ni3N layers 

by annealing under H2 to afford a Ni/NiO product.
155 

Ni3N decomposes to nickel metal at 

~150 °C under a reducing H2 atmosphere and at ~300 °C under vacuum.
156,174 

  

 PEALD nickel metal films were demonstrated using Ni(dmamp)2/H2 plasma at 220 °C, 

with a growth rate of 1.55 Å/cycle.
175

 The as-deposited Ni film possessed a cubic structure and 

exhibited a very low sheet resistance of 3.10 Ω/□.
175

 However, Ni(dmamp)2 thermally 

decomposes at 180–185 °C,
176

 suggesting growth enhancement by a CVD component. PEALD 

Ni nanorods were grown on SiO2 substrates using Ni(dmamb)2 with a mixture of NH3 plasma 

and SiH4 plasma.
45

 Subsequent PEALD processes for Ni using Ni(dmamb)2 at 250 °C afforded 

growth rates of 2.0 and 0.8 Å/cycle with NH3 plasma and H2 plasma, respectively.
46

 The NH3 

process resulted in a higher growth rate, lower carbon content, and a 1–2 nm SiNx interface layer 

due to the catalytic effects of the NH3 radicals.
46

 

An indirect thermal ALD process for nickel metal entailed growing NiO from 

NiCp2/water at 165 °C, then reducing the resultant NiO film by H2 plasma.
47

 This process was 

used to grow continuous and conformal nickel films as seed layers for CVD Cu on TiN-coated Si 

wafers.
47

 Two other indirect methods were subsequently reported for the thermal ALD of nickel 

metal nanotubes inside the pores of alumina membranes: NiCp2/H2O/H2 and NiCp2/ozone 

followed by a 400 °C anneal under forming gas.
135
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Nickel metal films grown by direct thermal ALD processes include 

Ni(
i
PrNC(Me)N

i
Pr)2/H2

37
 at 250 °C (0.04 Å/cycle).

36
 Although self-limited behavior was 

reported,
36

 the solid state decomposition temperature of this precursor is ~180 °C,
37

 suggesting a 

strong CVD component to the growth. Theoretical studies suggested that the thermal 

decomposition of nickel amidinate complexes may be due to metal activation of β-C-H bonds of 

N- and C-bound alkyl groups in the amidinate ligand cores.
140–141

 A second ALD nickel process 

using Ni(dmamb)2/H2 afforded a growth rate of 1.25 Å/cycle within the 200–250 °C temperature 

range.
177

 The uniformly-distributed carbon content of a film deposited at 220 °C was proposed to 

promote the formation a Ni3C phase which supported a low sheet resistance of 18 Ω/□ by 

eliminating other crystalline defects.
177

 A Ni(dmamb)2/NH3 process was subsequently developed 

for area-selective ALD in conjunction with OTS SAM as a blocking layer at 300 °C.
178

 Finally, 

the ALD of nickel films was reported using Ni(hfip)2/H2 at a deposition rate of 1.25 Å/cycle 

within the 200–250 °C window, whereby the formation of a Ni3C phase was controlled by 

varying the flow rate of the H2 gas.
179

 RTA of films grown on Si yielded NiSi.
179

 

Other compounds with the requisite volatility and thermal stability for ALD include a 

diazadienyl complex (Ni(
t
Bu2DAD)2)

42
 along with complexes containing carbohydrazide 

(Ni(Me2NN=C(R)O)2, (R = 
t
Bu, 

i
Pr, Me) and Ni((CH2)5NN=C(

t
Bu)O)2, (R = 

t
Bu, 

i
Pr, Me)),

145
 

hydrazonate (Ni(
t
BuNNCHC(R)O)2 (R = 

t
Bu, 

i
Pr) and Ni(

t
BuNNCMeCMeO)2),

98
 1,2,5-

triazapentadienyl (Ni(
t
BuNNCHCHNR)2, (R = 

t
Bu, NMe2)),

32
 α-imino alkoxide 

(Ni(RR’COCN
t
Bu)2 (R = Me, R’ = 

i
Pr; R = Me, R’ = 

t
Bu; R = R’= 

t
Bu)),

39
 and 2-(1-

iminoalkyl)phenoxide (ohapim, ohppim) (Ni(2-O-1-(C(R)=NH)-C6H4)2 (R = Me, Et))
180

 ligand 

systems. Self-limited growth was demonstrated using Ni(Me
i
PrCOCN

t
Bu)2 and BH3(NHMe2) at 

180 °C (0.09 Å/cycle), however, growth only occurred on a Ru substrate and required a 
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nucleation step.
39

 Film thickness plateaued after 1,000 ALD cycles, suggesting the catalytic 

function of the Ru substrate.
39

 

 

Chart 8. Nickel precursors used for vapor deposition processes. 

 

 

 

1.5.8 Copper 

Copper and copper-containing films have numerous uses in microelectronic and 

photovoltaic devices. Cu3N is relevant to optical data storage and microelectronic applications.
181

 

Cu3N decomposes to Cu metal at 250–450 °C
182 

and reflects less infrared light than pure Cu.
183

 

These properties suggest its use in optical recording media, as laser heating can generate 

localized regions of Cu on Cu3N films.
183b

 Cu2O is a p-type semiconductor maintaining a band 

gap of 2.3 eV with potential applications for sensors and solar cells due to its low toxicity, light 

absorption, and low production cost.
184

 Recent interest has also focused on the potential use of 

Cu2O-based semiconductor devices such as diodes, photovoltaics, and CMOS integrated 

devices.
184a

 Copper metal has replaced aluminum metal as the primary interconnect material in 

microelectronic device manufacturing due to its lower resistivity and superior resistance to stress 

migration and electromigration.
185

 Copper thin films are used as seed layers for the ECD of Cu 

interconnect lines on integrated circuits, improving adhesion and influencing the nucleation and 

texture of the ECD Cu.
186

 Copper-containing semiconductors with ternary and quaternary 
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compositions  (e.g. CIS, CIGS, CZTS) are used for solar cells.
187

 Several precursors and methods 

for Cu ALD have been developed due to the positive electrochemical potentials of the Cu(I) and 

Cu(II) ions and their attendant ease of reduction.
31,188–189

 

Cu(I) species often react at low temperatures by thermally-induced disproportionation to 

copper metal. Cu(I) β-diketonate derivatives display high vapor pressures and relatively low 

activation energies for film growth.
190

 For compounds of the general formula Cu(hfac)L, the 

neutral ligand (L) significantly affects the precursor properties and the morphology and texture 

of the resultant Cu film.
191

 Cu(hfac)L (L = VTMS, PMe3, 2-butyne, and COD) precursors have 

been especially useful for CVD processes.
190

 Of these compounds, only Cu(hfac)VTMS is a 

liquid at room temperature;
25

 marketed as Cupraselect,
®
 it is the most widely used Cu 

precursor.
192 

Subsequently, Cu(hfac)(MHY) was developed; marketed as GigaCopper,
®

 it 

afforded  lower resistivity films (without anneal) and a 50% higher growth rate at 190 °C relative 

to Cu(hfac)VTMS.
193–194

 Cu(hfac)(MHY) exhibits weaker intermolecular interactions (affording 

a more homogenous gas phase) and better adsorption to the surface due to its free double bond, 

resulting in an improved disproportionation yield with fewer contaminating atoms incorporated 

into the film.
194

 This compound was used to study the initial stages of Cu nucleation by CVD on 

irradiated SAMs of (3-mercaptopropyl)trimethoxysilane (MPTMS) on SiO2 substrates.
195

 Finally, 

a series of liquid, fluorine-free Cu(I) β-diketonate compounds employing 

bis(trimethylsilyl)acetylene (BTMSA) as the stabilizing ligand had improved thermal stability 

over GigaCopper
®
.
196 

These asymmetric β-diketonate compounds displayed reduced melting 

points and increased volatilities relative to the symmetric acetylacetone analogue,
 
and were used 

for the CVD of high-purity Cu films on Ta/TaN substrates.
196–197

 Phosphite trifluoroacetate Cu(I) 

complexes of composition [((RO)3P)mCuO2CCF3] (m = 1, 2, 3; R = CH3, CH2CH3, CH2CF3) 
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were also reported as potential CVD precursors; the liquid compound ((MeO)3P)3CuO2CCF3 was 

used for the CVD of a pure Cu layer on TiN at 380 °C.
198

 In contrast to the Cu(I) β-diketonates, 

these Lewis-base Cu(I) carboxylates do not require additional reducing agents (e.g. H2) for the 

growth of pure Cu layers.
198 

Ketoiminate compounds KI3 and KI5 (Chart 9) contain an olefin group tethered by a 

seven-membered ring, imparting high thermal stabilities by suppressing disproportionation 

initiated by loss of the olefin moiety; the CVD of pure Cu films was reported using formic acid 

as a coreagent
199–200

 and the thermal chemistry of KI5 was later studied on a Cu surface.
201

 

[Cu(hfac)]2(DVTMSO) and [Cu(hfac)]2(1,5-hexadiene) contain two Cu(hfac) fragments 

coordinated by a bidentate neutral ligand; CVD processes afforded Cu nanoparticles on TiN at 

100–225 °C.
202

 Cu(I) β-diketiminate complexes of the general formula Cu(nacnac)L (L = VTMS, 

3,3-dimethyl-1-butene) are also volatile, thermally-stable precursors;
33,203

 a pulsed-CVD process 

with diethylsilane was demonstrated.
34

   

Several Cu(I) amidinate dimers have been synthesized as vapor deposition 

precursors,
37,204

 and the surface chemistry of [Cu(
s
BuNC(Me)N

s
Bu)]2 has been studied on 

polycrystalline cobalt,
205

 Ni(100)
205–206

 and Cu(110)
207

 single-crystal surfaces, and SiO2 films.
208

 

Cu(I) guanidinate complexes
209

 extend the π system of the amidinate chelate ring and have been 

used as single-source CVD precursors for Cu films at 225 °C.
210

 However, 

Cu(
i
PrNC(NMe2)N

i
Pr)2 undergoes decomposition at < 150 °C by carbodiimide elimination.

210b
 A 

series of Cu(I) iminopyrrolidinate complexes
211

 was subsequently designed to prevent the 

thermal decomposition by β-hydrogen abstraction and carboiimide deinsertion that plagues the 

amidinate and guanidinate precursors, respectively. Guanidinate and iminopyrrolidinate 

complexes were shown to undergo dissociative adsorption to Cu(I) monomers on Ni(110) single-
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crystal substrates.
212

 Finally, an isoelectronic Cu(I) isoureate complex was used for the CVD of 

Cu on Ru under an H2 atmosphere at 225–300 °C.
213

 

The tendency for thermally-induced disproportionation of Cu(I) precursors on substrate 

surfaces generally precludes their use for thermal ALD processes.
214

 Preservation of the self-

limiting mechanism favors the use of Cu(II) compounds, however, the high surface mobility of 

Cu often results in Volmer-Weber (island-type) growth
215

 at temperatures above 150 °C. 

Cu(dmap)2 and Cu(dmamb)2 have been used for the CVD of high-quality Cu seed layers.
216

 

Cu(dmap)2 has also been used as a single-source CVD precursor for high-purity Cu metal films 

at 230–260 °C.
217

 Numerous precursors have been used for PEALD processes with H2 plasma, 

including Cu(acac)2,
218–219

 Cu(tmhd)2,
91,220

 Cu(dmamb)2,
221

 NHC-Cu(N(SiMe3)2),
48

 

Cu(OCMeCHC(Me)NEt)2 (sold as AbaCus) or structural analogues,
222–223

 and a  

bis(aminoalkoxide)copper(II) precursor (CTA-1).
223 

The chemistry of Cu(acac)2 was 

subsequently studied on Ni(110) and Cu(110) single-crystal surfaces.
224

 

Multiple indirect routes for thermal ALD Cu films have been reported whereby Cu2O is 

reduced to Cu metal. Cu(hfac)2 was delivered by H2 gas bubbled though water at 300 °C; 

subsequent decomposition and oxidation of the resultant Cu(hfac)2∙xH2O yielded Cu2O and 

adsorbed hfac.
225

 Reduction to Cu was achieved using methanol, ethanol, isopropanol, formalin 

or CO. High-purity films were grown using isopropanol (260 °C) or formalin (300 °C) with good 

conformal coverage in high aspect ratio features and resistivities near that of bulk Cu.
225 

A 

variant of this approach used Cu(acac)(
n
Bu3P)2, a liquid precursor, with wet O2 for the ALD of 

Cu2O on Ru, TaN, and SiO2 substrates
226–227 

and on multi-walled carbon nanotubes.
228

 In-situ 

XPS analysis of films grown on SiO2 showed that most of the 
n
Bu3P ligands were released 

during or prior to adsorption, with no disproportionation of the precursor within the 22–145 °C 
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temperature range.
229

 Cu2O films were grown on SiO2 at 0.05 Å/cycle at 145 °C and contained 

24.1% carbon.
229

 Cu2O grown on Ru by this process was subsequently reduced by formic acid, 

affording Cu films at 110–120 °C, where the underlying Ru layer enabled the catalytic 

decomposition of formic acid to H2 and CO2.
227  

This ALD-grown Cu was superior to PVD Cu 

for seed layer growth on Ru, as evidenced by smaller grain sizes and lower values of specific 

resistivity and RMS roughness.
227

 

A second indirect approach employed Cu(hfac)2 and H2 with the catalytic addition of 

pyridine; 15 nm thick films grown within the 25–100 °C ALD window had resistivity values of 

19 μΩ∙cm.
214

 DFT calculations confirmed that Cu-O bond length elongation (2.01 Å) occurs 

from the combined effects of pyridine interacting with the Cu metal atom and the asymmetric 

interactions between pyridine and a hydrogen atom on the surface-bound Cu(hfac)2.
214

 However, 

precursors containing fluorine are typically not desirable, since the hydrofluoric acid byproduct 

can result in fluorine contamination, reduced adhesion, or etching of substrates.  

Multiple indirect routes have also focused on the ALD of Cu3N, with subsequent 

reduction to Cu metal. One method used a Cu(I) amidinate dimer, [Cu(
s
BuNC(Me)N

s
Bu)]2, with 

NH3 to grow Cu3N on Ru substrates at 160 °C.
181

 Subsequent annealing under forming gas (RTA, 

225 °C) or H2 (160–185 °C) resulted in highly-conductive Cu films that displayed conformal 

coverage at an aspect ratio of 42:1.
181

 Saturation of the amidinate precursor was not 

demonstrated,  however, Cu films grown by this process were smoother than those from a binary 

ALD process using the same precursor with H2 at 160 °C.
181

 A similar approach used 

Cu(dmamb)2 and NH3 at 100–140 °C for the ALD of Cu3N, followed by annealing at 200–

250 °C to afford Cu metal.
230 
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 A final indirect method employed Cu(dmap)2, formic acid, and hydrazine for the low-

temperature ALD of high-purity Cu metal films on Si(100) substrates.
231

 This process entailed 

the reduction of intermediate Cu(II) formate layers by hydrazine, enabling Cu metal film growth 

at ≥ 80 °C with a growth rate of 0.50 Å/cycle within the 100–160 °C ALD window.
231

 

Direct “ALD” processes for Cu metal include CuCl/H2 at 360–410 °C
232

 and CuCl/Zn at 

440–500 °C.
233

 However, self-limited growth was not achieved for these extremely high-

temperature processes and the latter approach suffered from reversible dissolution of Zn into the 

Cu films, resulting in 3 at.% Zn impurities for films grown at 500 °C.
233

 Subsequently, ALD film 

growth was reported using Cu(hfac)2∙xH2O with methanol, ethanol, and formalin at 300 °C.
234

 

Cu(tmhd)2/H2 also afforded films on Si(100) and glass at 350 °C
235–236

 and  selective film growth 

on Pd-seeded regions over oxide surfaces at 190–260 °C.
237

 A series of unflourinated ketoimine 

and diimine compounds with a tethered olefin moiety was used for Cu film growth at 130–

200 °C, although saturative behavior was not demonstrated.
238

 Cu(ethylketoiminate)2/H2 was 

subsequently employed for the ALD of high-purity Cu films on Ru.
239

 Although this process 

supports a growth rate of 1.2 Å/cycle, films grown at 140 °C had a relatively high resistivity of 

18 μΩ∙cm.
239

 Cu(dmamb)2 was used with H2 for both CVD and ALD Cu films; the latter suffered 

from either low nucleation and growth rates (120–140 °C), yielding islands of Cu, or thermal 

decomposition of the precursor (160–200 °C), leading to CVD-type growth.
230

 Recently, the 

carbene-stabilized Cu(I) silylamide, NHC-Cu(N(SiMe3)2), was used with H2 for Cu ALD on Pd 

substrates, maintaining a growth rate of 0.4 Å/cycle within the 190–250 °C ALD window.
240

 

Subsequently, 1,3-diphenyl-4,5-imidazolidinedithione copper hydride (S-NHC-CuH) was 

studied theoretically as a Cu(I) carbene hydride that functions as both the precursor and reducing 
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agent for low-temperature Cu ALD, whereby the electron withdrawing groups on the heterocycle 

support easy accessibility to the hydride.
241

   

Copper ALD processes using amidinate precursors include [Cu(
i
PrNC(Me)N

i
Pr)]2/H2 at 

280 °C
36 

and [Cu(
s
BuNC(Me)N

s
Bu)]2/H2 at 150–190 °C.

242–244
 The initial reaction of 

[Cu(
s
BuNC(Me)N

s
Bu)]2 and surface Si-OH groups was shown to occur by displacement of one 

protonated amidinate ligand and formation of a Si-O-Cu-amidinate surface species.
243

 

Subsequent exposure to molecular H2 produces neutral amidine and mobile Cu atoms that 

agglomerate on the SiO2 surface.
243

 Surface-bound ligand rearrangement from a bridging to a 

monodentate structure occurs at > 220 °C on the SiO2 surface and 185 °C on the growing Cu 

surface.
243

 [Cu(
s
BuNC(Me)N

s
Bu)]2 was also used to grow Cu top contact electrodes on 

carboxylic acid-terminated SAM films as a protective layer that did not alter the Si/SAM 

interface.
244

 During this process, the Cu precursor first interacts with the carboxyl groups to form 

an acid salt structure, with the intact ligands still linked to the Cu ions.
244

 A subsequent pulse of 

H2 releases the ligands while regenerating the COOH groups on top of the SAM.
244

 The resulting 

free Cu atoms agglomerate into 40–80 nm nanoparticles after only 20 cycles.
244

 Finally, 

[Cu(
s
BuNC(Me)N

s
Bu)]2 was used for the ALD of Cu and Cu3N on low-density silica aerogel 

substrates, using H2 and NH3 as respective coreagents.
245

 

Most Cu ALD processes require higher temperatures to promote reactivity or prevent 

condensation of the precursors. However, a breakthrough discovery was made in 2009, with an 

ALD process employing a ligand exchange reaction using Cu(dmap)2/Et2Zn; high-purity, low-

resistivity (2.78 μΩ∙cm) Cu films were obtained within the 100–120 °C ALD window.
246

 A 

theoretical study of this process proposed disproportionation of Cu(dmap)2 to a Cu(I)dmap 

intermediate, followed by ligand exchange and reductive elimination to Cu metal.
247

 A related 
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pulsed-CVD study reported copper-containing films from N-ethyl-2-pyrrolylaldiminate 

(Cu(PyrIm
Et

)2) and either AlMe3 or ZnEt2 as coreagents at 120–150 °C.
248

 The former process 

yielded nonconductive films with significant Al2O3 incorporation, while the latter process 

afforded metallic Cu films with 8–15% Zn impurities, which were attributed to the self-

decomposition of ZnEt2 to zinc metal.
248 

Solution reactions of Cu(PyrIm
iPr

)2 with AlMe3, BEt3, 

and ZnEt2 suggested that reduction occurs in two stages by way of a stable dinuclear Cu(I) 

pyrrolylaldiminate complex.
249

 

Recently, Cu(dmap)2 was used with BH3(NHMe2) for the growth of Cu films on Ru 

substrates at a rate of 0.13 Å/cycle within the 130–160 °C ALD window.
250

 A seed layer was 

required for the growth, leading to porous, rough films. A subsequent ternary process using 

formic acid supported the growth of smooth, low-resistivity films on Pt and Pd substrates 

without the need of a seed layer.
250

 A growth rate of 0.20 Å/cycle was observed on both 

substrates within the 135–165 °C ALD window. In all cases, growth was proposed to occur by 

catalytic decomposition of BH3(NHMe2) by noble metal sites on the surface. The growth rate on 

Pt was reduced after 500 cycles while remaining unchanged on Pd up to 2000 cycles, likely due 

to the formation of a Cu/Pd alloy resulting from the rapid diffusion of Pd in Cu.
250

 Cu(dmap)2 

was later used with an α-imino alkoxide dimer, [Mn(Me
t
BuCOCN

t
Bu)2]2, and BH3(NHMe2) for 

the ALD of 70/30 Cu/Mn alloy films (0.09 Å/cycle) and Cu/Mn/Cu film stacks over-coated with 

SiO2.
21

 Stacks grown on Pt and Pd substrates showed diffusion of Mn atoms to the SiO2/Cu 

interface, diagnostic of self-forming Cu/Mn barrier layers.
21

 

Other Cu compounds with the requisite volatility and thermal stability for ALD include 

complexes containing carbohydrazide (Cu(Me2NN=C(R)O)2 (R = 
t
Bu, 

i
Pr, Me)),

145
 α-imino 
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alkoxide (Cu(RR’COCN
t
Bu)2 (R = Me, R’ = 

i
Pr; R = Me, R’ = 

t
Bu; R = R’= 

t
Bu)),

39
 β-

ketoesterate,
251 

guanidinate,
209–210,212

 and iminopyrrolidinate
211–212

 ligand systems. 

 

Chart 9. Copper precursors used for vapor deposition processes. 

 

 

 
 

1.5.9 Zinc 

ZnO is an abundant, nontoxic transparent conducting oxide with a large band gap (3.37 

eV),
252

 finding use in window coatings, flat panel displays, and photovoltaic devices. Materials 

such as zinc tin oxide (ZTO) are used in solar cells
253 

and thin film transistors.
254

 ZnS has been a 

recent substitute for CdS as a buffer layer in photovoltaic devices due to its larger band gap (~3.8 

eV)
255

 along with its greater natural abundance and the less-toxic nature of zinc over 
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cadmium.
256

 Other zinc-containing semiconducting materials include ZnSe, ZnTe, Zn3P2, Zn3As2, 

Zn3Sb2, ZnSiP2, Cu2ZnSnS4, Cu1.18Zn0.40Sb1.90S7.2, CdZnTe, HgZnTe, and HgZnSe.  

ZnO has been deposited by numerous techniques, including chemical spray pyrolysis,
257

 

sputtering,
258

 reactive plasma deposition,
259

 CVD,
260

 radical source molecular beam epitaxy,
261

 

and sol-gel processes.
262

 Zn(tmhd)2/O2 was used for the CVD of ZnO films
263–264 

and nanowire 

arrays.
265

 Zn(TTA)2∙TMEDA/O2 was also used for ZnO films by CVD and PECVD processes.
266 

The zinc ketoacidoximate complex, (Zn(O2CCHN(OMe))2∙2H2O),
267

 along with two fluorine-

free β-diketiminate complexes,
268

 have desireable thermal properties for CVD applications. One 

of the latter was used with O2 for the CVD of ZnO films at 450–700 °C.
268

 ZnEt2 is a common 

precursor for the PEALD and thermal ALD of ZnO;
269–270

  thermal ALD applications include the 

growth of Al-doped ZnO films
271

 and the growth of ZnO on CdSe quantum-dot films.
272

   

ZnS has traditionally been deposited by RF sputtering,
273

 evaporation,
274

 and CVD.
275

 For 

CVD, use of single-source precursors circumvents the need for toxic, highly-reactive compounds 

(e.g. ZnEt2 and H2S) and the challenge of controlling their gas-phase reactions. The 

dithiocarbamates Zn(S2CNMe2)2
255

 and Zn(S2CN(C2H5)2)2
276

 were respectively used as single-

source precursors for the CVD of high-purity crystalline ZnS films and ordered ZnS nanotube 

arrays.
 
Zn(S2CO

i
Pr)2 was used as a single-source precursor for the CVD of ZnS,

277
 and as the 

zinc precursor for the CVD of homogenous ZnxCd1-xS
278

 (0 ≤ x ≤ 1). Other single-source 

precursors used for the CVD of ZnS include Zn((SP
i
Pr2)2N)2

279
 and the dithiocarbamates

280
 

Zn(S2CNEtBu)2 and Zn(S2CN(CH2)5Et)2. Finally, Zn(tmhd)2 and in situ generated H2S were 

used for the ALD of ZnS films
256

 and multilayer film stacks consisting of ZnS and CuxS (x 

~2).
281
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Numerous zinc-containing binary and ternary films have been reported. Zinc antimonide 

films were grown by ion beam sputter deposition.
282

 Zn2SiO4 films were grown by APCVD from 

homoleptic zinc amide compounds and O2.
283

 The use of Zn(N(SiMe3)2)2/O2 gave amorphous 

films at 400–550 °C with stoichiometries close to ZnSiO3, while the use of Zn(
t
BuN(SiMe3))2/O2 

gave amorphous films at 350–550 °C with stoichiometries of Zn2Si0.8±1.4O3.7±4.8; subsequent 

annealing under N2 produced crystalline zinc orthosilicate, Zn2SiO4, in both cases.
283 

Zn/Mg 

heterobimetallic carbamates have properties appropriate for use as single-source precursors for 

the CVD of ZnxMg1-xO films.
284

 Finally, a series of tetrahedral zinc formazanate complexes, 

(Zn(N(R)NC(R’)NNR”)2), was recently synthesized as nitrogen-rich β-diketiminate analogues, 

however, these compounds have not yet been evaluated as vapor deposition precursors.
285

 

 

Chart 10. Zinc precursors used for vapor deposition processes. 

 

 

1.6 Reducing Coreagents 

Reports of Cu ALD are numerous due to the positive reduction potentials of the Cu(I) 

and Cu(II) cations. Reducing coreagents used for Cu ALD include H2,
36,242-244

 isopropanol,
225

 

formalin,
225

 Zn,
233

 ZnEt2,
246

 hydrazine,
231

 BH3(NHMe2),
250

 and formic acid.
199–200,227,231

 With the 

exception of Cu, thermal ALD of first-row transition metals is very challenging due to the 

negative reduction potentials of their cations and a general lack of strongly-reducing coreagents. 
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Main group element hydrides are promising reducing coreagents that should facilitate the 

transfer of a hydride from the main group element to the transition metal.
31

 Transition metal 

hydrides are unstable, and once formed, should reduce to the metal with the elimination of H2.
286

 

Several neutral polyhedral boranes and borane adducts BH3(L) (L = THF, amines, other donor 

ligands) are volatile, commercially available, and have been previously used for the growth of 

transition metal nanoparticles.
287

 BH3(NHMe2) was used for the ALD of high-purity Cu,
250

 

Cu/Mn alloys,
21

 and films of Cr, Fe, Co, Ni, and MnOx.
39

 To date, no thermal ALD processes 

have been reported for Ti metal, and no ALD processes whatsoever have been reported for V or 

Zn metal. New strongly-reducing coreagents are distinctly lacking for the thermal ALD of high-

purity first-row transition metal films. 

 

1.7 Thesis Problem 

Thin films containing first-row transition metals are widely used in microelectronic, 

photovoltaic, catalytic, and surface-coating applications. In particular, metal films are essential 

for interconnects and seed, barrier, and capping layers in integrated circuitry. Traditional vapor 

deposition methods for film growth include PVD, CVD, or the use of plasma. However, these 

techniques cannot afford sub-nm thickness control, and thus, are inadequate for many current 

and future applications. By contrast, ALD enables absolute surface conformality and thickness 

control on 3D architectures and in high aspect ratio features.
31

 However, the low-temperature 

chemical reduction of most first-row transition metal cations to their zero-valent state is very 

challenging due to their negative electrochemical potentials.
41

 The general lack of strongly-

reducing coreagents has rendered the thermal ALD of metal films an intractable problem for 

many elements. Additionally, many established processes for metal film growth are plagued by 
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low growth rates, impurity incorporation, poor nucleation, high surface roughness, or the need 

for hazardous coreagents.
31

 Additionally, new ALD methods offering precise stoichiometric 

control are in demand for ternary films, such as first-row transition metal borates, as these 

materials have emerging applications as cathode materials in lithium-ion batteries.
288

 

The research herein seeks to develop new ALD processes for the broader application of 

metal, metal oxide, and metal borate films to future nanoscale technologies. These processes 

should display the self-limited growth mechanism and support the facile nucleation of smooth, 

continuous, high-purity films at the lowest possible temperatures to satisfy future microelectronic 

demands and other manufacturing requirements.
31

 Focus will be given to the development of 

strongly-reducing coreagents for the ALD of very electropositive metal films, such as titanium. 

Additionally, new processes will be considered for the growth of cobalt and nickel metal films 

and for the stoichiometric control of first-row transition metal borate films. 

Computational techniques such as density functional theory (DFT) using nucleus-

independent chemical shift (NICS) will be used to determine the electronic structure and predict 

the relative reducing power of organic coreagents. Potential ALD precursors will be analyzed by 

1
H and 

13
C NMR, thermogravimetric and differential thermal analyses (TGA/DTA), melting 

point and solid state decomposition measurements, preparative sublimation studies, and solution-

screening reactions. Deposition parameters will be optimized for successful ALD processes. The 

resultant films will be studied by scanning electron microscopy (SEM), tunneling electron 

microscopy (TEM), atomic force microscopy (AFM), X-ray photoelectron spectroscopy (XPS), 

auger electron spectroscopy (AES), powder X-ray diffractometry (XRD), time-of-flight elastic 

recoil detection analysis (TOF-ERDA), ultraviolet-visible spectroscopy (UV-Vis), energy-

dispersive X-ray spectroscopy (EDS), and four-point probe resistivity measurements.  
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CHAPTER 2 
 

Thermal Atomic Layer Deposition of Titanium and Antimony Films Using 2-Methyl-1,4-

bis(trimethylsilyl)-2,5-cyclohexadiene or 1,4-Bis(trimethylsilyl)-1,4-dihydropyrazine 

 

 

2.1 Introduction 

Metallic titanium films have numerous applications in microelectronic devices, including 

recent reports of Ti/Al alloy liners for advanced transistor structures.
52–54

 However, the growth of 

Ti and other electropositive metal films from chemical precursors is extremely challenging due 

to the difficult reductions of the precursor metal ions and the lack of powerful reducing 

coreagents that can transform the metal ions to the metals rapidly.
24g,31,39,289–290

 Titanium is a 

typical electropositive metal and has a very negative electrochemical potential (Ti(II) ↔ Ti(O), 

E
0
 = −1.631 V

41
). Consequently, reports of Ti deposition from chemical precursors have been 

scarce and limited to CVD
70–71 

and plasma-based
11 

approaches. However, due to the very small 

feature sizes and 3D architectures of future transistors, Ti metal must be deposited by ALD to 

meet thickness uniformity and conformality requirements.
52–54

 Thus, new strongly-reducing 

coreagents are required to facilitate the low-temperature ALD of Ti films. 

In a series of recent papers, Mashima and coworkers described the use of 2-methyl-1,4-

bis(trimethylsilyl)-2,5-cyclohexadiene (1, Chart 11) and 1,4-bis(trimethylsily)-1,4-

dihydropyrazine (2, Chart 11) and as salt-free reagents for the reduction of early transition metal 

halide complexes from their highest oxidation states to lower oxidation states.
291–294

 Mashima’s 

use of 1 to reduce TaCl5 to TaCl3 afforded a highly-efficient process for 1-hexene production 

without the need for organic supporting ligands, salt contact, or cocatalysts.
294

 Compound 1 was 

also used to reduce TiCl4 to surface-bound TiCl2.
295

 Herein, we describe the low-temperature 

ALD of metallic Ti films using TiCl4 and 1 or 2 as precursors. 
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Chart 11. Structures of 1 and 2. 

 

 
 

 

2.2 Results and Discussion 

 

2.2.1 Computational Assessment of Six-membered Rings Containing Two Trimethylsilyl 

Groups 

 

1,4-Dihydropyrazine is the unsubstituted analogue of 2 and has been studied theoretically. 

Using the high-level G2 method implemented in the Gaussian 03 suite, Vashchenko showed that 

1,4-dihydropyrazine adopts a boat conformation with a relative population of conformers of 79% 

syn versus 21% anti.
296

 Using MP2/6-311++G(d,p), an analysis of the potential energy surface 

for syn-anti transition showed a barrier to inversion on the nitrogen atom of 3 kcal/mol.
296

 The 

electronic structures of 1, 2, and similar compounds are compared herein in an attempt to predict 

their relative reducing power. 

Mashima demonstrated that 1 and 2 react with metal halides with the elimination of 

ClSiMe3,
291–294

 so it is likely that intermediate 2-methyl 1,4-cyclohexadienyl or 1,4-

dihydropyrazinyl complexes are formed, which then eliminate aromatic toluene or pyrazine to 

reduce the metal center by two electrons per ligand (Figure 10). During this double desilylation 

process, non-conjugated 1 or antiaromatic 2 may be transformed to dianions coordinated to a 

Ti(IV)
 
cation. Strong Si-Cl bond formation coupled with the elimination of an aromatic 

byproduct are the proposed driving forces for this reduction. Thus, quantifying the change in 
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aromaticity from the parent compound to the aromatic byproduct may provide a useful metric for 

predicting the relative reducing power of 1, 2, and structural analogues. 

 

Figure 10. Proposed mechanism for the reduction of TiCl4 by 2 to afford Ti metal. 

 

 

A magnetic field directed perpendicular to the plane of an aromatic ring will induce a 

current in the conjugated π system, which itself creates a second magnetic field, in accordance 

with Ampere’s law. The induced magnetic field has the same direction as the applied magnetic 

field outside of the ring, while the two fields oppose one another inside of the ring. Consequently, 

protons located outside of the ring are deshielded, while protons located inside of the ring are 

shielded. Nucleus-independent chemical shift (NICS) is a technique to calculate this magnetic 

shielding; negative values indicate aromaticity, while positive values indicate antiaromaticity.
297

  

Geometry optimizations were performed at the B3LYP/6-311G(d,p) level of theory using 

Guassian 09. The total isotropic chemical shift (σiso) and the chemical shift tensor component 

orthogonal to the plane of the ring (σzz) were calculated by placing a ghost atom (Bq) 1 Å above 

the geometric center of the ring, defined as the NICS(1) position.
297d 

 NICS(1) is affected by π-

electron density only, and thus, NICS(1)iso and NICS(1)zz are reliable measures of the relative 

aromaticity of these systems. The differences between the NICS values of the parent compound 

and its aromatic counterpart were used to quantify the relative reducing power of 1, 2, and a 

benzene analogue. The transformation of 2 to pyrazine produced the greatest changes in NICS 

values (Table 2). 
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Table 2. NICS(1)iso and NICS(1)zz values for 1, 2, and a benzene analogue. 

 

Thus, NICS calculations suggest that the transition from an 8 π electron antiaromatic ring (2) to 

aromatic pyrazine provides a stronger driving force than that from a non-conjugated 

cyclohexadiene ring (1) to aromatic toluene. Previously-reported experimental results for 2 

demonstrate distinct paratropism and an exceptionally low ionization potential.
298

 

 

2.2.2 Titanium Films from TiCl4 and 2-Methyl-1,4-bis(trimethylsilyl)-2,5-cyclohexadiene 

 

Synthesis. 2-Methyl-1,4-bis(trimethylsilyl)-2,5-cyclohexadiene (1) was synthesized by 

reductive silylation of toluene with lithium and ClMe3Si.
299

 The crude product was distilled at 

90–100 °C/0.05 Torr, yielding a pure mixture of two diastereomers by 
1
H NMR analysis. 

Compound 1 boils at 70–72 °C/0.12 Torr,
299

 and was found to be thermally stable to > 300 °C. 

Exposure to air at 23 °C resulted in the formation of a hazy-white suspension that was 

increasingly cloudy after approximately 20 minutes. 
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Solution Reactivity. Solution reductions were attempted with a variety of metal 

complexes, using five molar equivalents of 1 (Table 3). Analyses by powder XRD confirmed 

that CuCl2 and CuCl2∙H2O were each reduced to CuCl. (Figure 11). Compound 1 reacted with 

CuBr2 to afford a milky-white precipitate, likely CuBr. Compound 1 also reduced CuCl2∙DME to 

CuCl; subsequent addition of ethylenediamine (en) facilitated the disproportionation to Cu metal, 

with a crystallite size of 35.9 ± 1.6 nm (Figure 12). Compound 1 (6.8 mmol) was dissolved in 60 

mL of dry toluene. Upon direct addition of TiCl4 (2.7 mmol), the solution instantly turned a very 

dark brown/rust color with a precipitate that was dark brown/black in color. Analysis by powder 

XRD showed the <110> reflection at 38.48° corresponding to Ti metal (Figure 13). Reactivity of 

1 with other compounds may be limited by slow reaction kinetics. 

Table 3. Solution reactions of metal complexes with 1. 

ML2 Sol Reaction Reflux Solution Reaction 

  Temp 

(
o
C) 

Time 

(min) 

Temp 

(
o
C) 

Time 

(min) 

 

CuCl2 THF rt 60 66 60 milky white CuCl 

(insoluble) 

CuCl2∙2H2O THF rt 60 - - milky white  likely 

CuCl (insoluble) 

CuCl2∙2H2O THF 0 5 66 65 milky white CuCl 

(insoluble) 

CuCl2∙DME DME rt 20 85 75 milky white add 

en  Cu metal 

CuBr2 THF rt 60 - - milky white  likely 

CuBr (insoluble) 

Cu(dmap)2 THF rt 80 66 60 none 

Cu(hfac)2∙xH2O THF rt 35 66 60 none 

Cu(tmhd)2 THF rt 60 66 60 none 

Cu(OCHO)2∙4H2O THF 0 5 66 60 none 

CoCl2 THF rt 60 66 60 none 

ZnCl2 THF rt 105 66 60 none 

TiCl4 toluene rt < 1 - - brown precipitate 

SiCl4 toluene rt 600 - - none 
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Figure 11. Powder XRD spectra of CuCl; reduction of CuCl2 and CuCl2∙2H2O by 1 in THF. 

 
 

 

Figure 12. Powder XRD spectrum of Cu metal; reduction of CuCl2∙DME by 1 and en in 

DME. 
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Figure 13. Powder XRD spectrum of Ti metal; reduction of TiCl4 by 1 in toluene. 

 

Figure 14 shows the 
1
H NMR spectrum of the two diastereomers comprising 1. Direct addition 

of TiCl4 to a solution of 1 in C6D6 in an NMR tube resulted in the immediate formation of a 

black precipitate. The 
1
H NMR spectrum of the reaction product shows the expected formation 

of ClSiMe3 and toluene. 

Figure 14. 
1
H NMR spectra of 1 and the reaction product of TiCl4 and 1 in C6D6. 
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Cyclic Voltammetry. To quantify the reducing power of the toluene dianion, CV 

experiments were performed in DMF, using 0.1 M NBu4ClO4 as the supporting electrolyte. 

Reported data are relative to ferrocene (referenced to 0.31 V), using Ag/AgNO3 as the reference 

electrode. Toluene showed a reduction at E1/2 = –2.46 V. (Figure 15).   

 

Figure 15. Cyclic voltammagram of toluene relative to ferrocene (Fc/Fc
+
, E° = 0.31 V). 

 

 
 

 

Film Deposition Data. Encouraged by the reducing capability of 1, film depositions 

were explored using TiCl4 and 1 as precursors. The growth rate was probed as a function of the 

pulse lengths of TiCl4 and 1 at 180 °C, using 3,000 cycles and 5.0 and 10.0 s N2 purges after the 

pulses of TiCl4 and 1, respectively. Similar growth rates were observed on Si(100) with native 

oxide, 100 nm thermal SiO2/Si, and 15 nm Pt/100 nm SiO2/Si. The ALD study was conducted 

using SiO2 substrates. Microscopic analyses were performed on films grown on Si(100), SiO2, 

and Pt, while XPS analyses were performed on films grown on Si(100) and Pt. All films were 
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Ti before the analyses could be performed. Films measured within 30 s of removal from the 

reactor were electrically nonconductive by four-point probe analysis, consistent with the rapid 

oxidation of the surface. Films grown on SiO2 and Si(100) with native oxide showed good 

adhesion to the substrates, passing the Scotch tape test.   

A plot of growth rate versus TiCl4 pulse length showed a growth plateau at ≥ 0.2 s pulses, 

with a saturative growth rate of 0.06 Å/cycle (Figure 16). A similar plot of growth rate versus 

pulse length of 1 showed saturative behavior at ≥ 0.2 s pulses with the same growth rate (Figure 

17). As expected, the consumption rate of 1 increased as a function of the pulse length of 1. 

Based upon these data, a pulse sequence 0.3 s TiCl4/5.0 s N2 purge/0.2 s 1/10.0 s N2 purge was 

used for all subsequent depositions. Importantly, deposition experiments conducted using only 

TiCl4 and a N2 purge or only 1 and a N2 purge (3,000 cycles, 180 °C) did not produce any 

detectable film growth. These experiments demonstrate that growth requires both TiCl4 and 1 

and does not occur by the separate decomposition of either precursor.  

 

Figure 16. Saturation plot of TiCl4 using 0.2 s pulses of 1 at 180 °C. 
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Figure 17. Saturation plot of 1 using 0.3 s pulses of TiCl4 at 180 °C. The secondary axis 

shows the consumption rate of 1 as a function of the pulse length of 1. 

 

 
 

Figure 18 shows a plot of growth rate versus temperature. An ALD window was observed from 

110–240 °C, with a growth rate of 0.06 Å/cycle within this range. Temperatures ≥ 180 °C 

afforded increasingly rough films.
 

Figure 18. Plot of growth rate versus temperature using 0.3 s pulses of TiCl4 and 0.2 s pulses 

of 1 for 3,000 cycles.  
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Figure 19 shows a plot of film thickness versus the number of ALD cycles. A trend line 

constructed by a least squares approach shows a slope of 0.077 Å/cycle, which is in good 

agreement with the established growth rate. The y-intercept of –2.710 nm indicates that there is 

no nucleation delay for this process.  

Figure 19. Plot of film thickness versus number of ALD cycles using TiCl4 and 1 at 180 °C. 

Images below the x-axis show magnified regions of each film from a single 

photograph taken of all films. 
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images of smooth, uniform films grown on Si(100) and Pt substrates at 140 °C. 
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Figure 20. Cross-sectional SEM images of films deposited on thermal SiO2 using TiCl4 and 1 

at 110, 130, 160, and 180 °C. 
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Figure 21. Cross-sectional SEM images of films deposited on thermal SiO2 using TiCl4 and 1 

at 200, 220, 240, and 260 °C. 
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Figure 22. Cross-sectional SEM images of films deposited on Si(100) and Pt substrates using 

TiCl4 and 1 at 140 °C. 

 

 

  

 

 

 

AFM images of 74–82 nm thick films grown at 140 °C had RMS surface roughnesses of ≤ 8.8 

nm, indicating smooth surfaces (Table 4, Figures 23–24). AFM images of 69–71 nm thick films 

grown at 180 °C were notably rougher, coinciding with the additional nanoparticulate growth 

observed by SEM (Table 4, Figures 25–26). 

 

Table 4. Surface roughnesses measured by AFM of films grown using TiCl4 and 1 at 140 

and 180 °C on Si(100) and SiO2 substrates. 

 

 
 

Substrate: Si(100) 
Temp:  140 °C 
Cycles:  9,000 

Substrate: Pt/SiO2/Si 
Temp:  140 °C 
Cycles:  5,000 
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Figure 23. AFM image of a 2 μm
2
 region of a film grown using TiCl4 and 1. The film was 

deposited on Si(100) with native oxide at 140 °C. The RMS surface roughness of 

the 82 nm thick film was 8.8 nm. 

 

 
 

 

Figure 24. AFM image of a 5 μm
2
 region of a film grown using TiCl4 and 1. The film was 

deposited on Si(100) with native oxide at 140 °C. The RMS surface roughness of 

the 82 nm thick film was 0.1 nm. 
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Figure 25. AFM image of a 2 μm
2
 region of a film grown using TiCl4 and 1. The film was 

deposited on Si(100) with native oxide at 180 °C. The RMS surface roughness of 

the 71 nm thick film was 17.4 nm. 

 

 
 

 

 

Figure 26. AFM image of a 5 μm
2
 region of a film grown using TiCl4 and 1. The film was 

deposited on Si(100) with native oxide at 180 °C. The RMS surface roughness of 

the 71 nm thick film was 161.7 nm. 
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Energy-dispersive X-ray spectroscopic element mapping (EDS) was performed on 68 nm 

thick films grown on SiO2 and Si(100) substrates at 180 °C using 2 kV at –78 °C. Regions with 

and without nanoparticulate growth showed similar results, independent of the underlying 

substrate. Detection of C Kα electrons consistently showed 5–6% carbon content. However, 

given the negligible carbon detected by XPS upon sputtering, this was likely due to 

contamination of the chamber. Ti Lα and O Kα electrons were detected to determine the 

composition of the nanoparticles and the underlying film. Ti/O ratios were slightly higher than 

2:1, suggesting a primarily TiO2 composition with sub-oxides present within the penetration 

depth of the X-rays.  

 

Figure 27. Top-down SEM images of films grown on Si(100) (a, b) and SiO2 (c, d) substrates 

from TiCl4 and 1 at 180 °C. EDS analyses were performed in tandem on areas 

with and without nanoparticulate growth. 
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Table 5. EDS element mapping of films grown on Si(100) and SiO2 substrates from TiCl4 

and 1 at 180 °C. The wt.% and at.% were calculated on areas with and without 

nanoparticulate growth. 

 

   
Nanoparticle region 

 
Bare film region 

Ti/Si(100) Element   Wt%  At%  
 

Wt%  At%  

 
  CK   2.83 6.14 

 
2.68 5.97 

 
 TiL   59.41 32.34 

 
61.63 34.39 

 
  OK   37.76 61.52 

 
35.69 59.64 

        Ti/SiO
2
  Element   Wt%  At%  

 

Wt%  At%  

 
  CK   2.49 5.66 

 
2.49 5.6 

 
 TiL   63.52 36.26 

 
62.59 35.35 

 
  OK   33.99 58.08 

 
34.93 59.06 

 

 

Several films were carefully analyzed by XPS. Figures 28–33 show spectra for an 82 nm 

thick film grown on Si(100) from TiCl4 and 1 at 140 °C. Figure 30 shows the Ti 2p ionization 

region, where the as-deposited film (red trace) revealed major ionizations for TiO2 (2p3/2 458.5 

eV
305

) and minor ionizations consistent with Ti2O3 (2p3/2 457.4 eV) and TiO (2p3/2 455.4 eV).
300–

304
 No Ti metal was observed (2p3/2 453.8 eV

305
), demonstrating full oxidation of the surface. 

Upon sputtering with 3 keV argon ions, the Ti 2p ionizations moved to progressively lower 

binding energies. A previous XPS study of an 8 nm thick TiO2 layer formed upon air exposure of 

a pristine Ti surface demonstrated that 3 keV argon ion sputtering progressively reduces TiO2 to 

Ti2O3 and then TiO, but does not lead to Ti metal.
300

 The Ti 2p binding energies between 10 and 

60 min of argon ion sputtering are consistent with those reported for TiO2, Ti2O3, TiO, and Ti 

metal.
301

 After sputtering for ≥ 70 min, the Ti 2p3/2 ionizations exactly matched metal (453.8 

eV
305

) and were not consistent with TiC (454.8 eV
305

), TiN (454.9 eV
305

), or TiSi2 (453.2 eV
306

). 

Figure 31 shows the Si 2p ionization region, suggesting that elemental Si (99.15 eV
305

), not TiSi2 

(98.3 eV
306

), is present at the film/substrate interface. Figure 32 shows an XPS depth profile 



63 
 

 

indicating low C (2.9−3.0%), N (< 0.5%), Si (0.8−2.2%), and Cl (1.8−2.3%) concentrations 

between 10 and 50 min of sputtering. The Ti 2p3/2 ionization region was subsequently 

deconvoluted by Gaussian curve fitting using a least-squares approach. Initial values for 

Gaussian peak centers and full width at half maximum (FWHM) values were obtained from the 

literature for all stable oxidation states of titanium.
300–305

  The Gaussian peak centers and FWHM 

values were not fixed during the optimization procedure, as impurities in the film can cause 

small shifts relative to these reference values. Integration was subsequently performed on the 

Gaussian curves used to model the ionization intensities arising from the presence of Ti(IV), 

Ti(III), Ti(II), and Ti(0) species. Figure 33 shows a plot of the relative abundance of these 

oxidation states versus argon ion sputter time. The data show the rapid emergence of Ti(0) after 

50 min of sputtering, suggesting the presence of Ti(0) near the film/substrate interface. Figures 

34–38 show analogous XPS plots for a 76 nm thick film grown on Si(100) from TiCl4 and 1 at 

180 °C. Results were very similar to the film grown at 140 °C, except that the impurity levels 

were slightly lower. 
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Figure 28. XPS survey scans of an 82 nm thick film grown on Si(100) from TiCl4 and 1 at 

140 °C.   

 

 

Figure 29. XPS O 1s ionization region of an 82 nm thick film grown on Si(100) from TiCl4 

and 1 at 140 °C.   
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Figure 30. XPS Ti 2p ionization region of an 82 nm thick film grown on Si(100) from TiCl4 

and 1 at 140 °C. Reference 2p binding energies for Ti metal: 453.8 and 459.95 eV; 

TiO2: 458.5 and 464.2 eV; TiN: 455.7 and 461.3 eV.
305 

 
 

Figure 31. XPS Si 2p ionization region of an 82 nm thick film grown on Si(100) from TiCl4 

and 1 at 140 °C. Reference 2p binding energy for Si: 99.15 eV; SiO2: 103.40 

eV.
305
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Figure 32. XPS depth profile of an 82 nm thick film grown from TiCl4 and 1 on Si(100) at 

140 °C.   

 

 
 

 

Figure 33. Relative abundance of Ti(IV), Ti(III), Ti(II), and Ti(0) oxidation states versus 

sputter time for an 82 nm thick film grown from TiCl4 and 1 on Si(100) at 140 °C.   
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Figure 34. XPS survey scans of a 76 nm thick film grown from TiCl4 and 1 on Si(100) at 

180 °C.  

 

 
 

 

 

Figure 35. XPS O 1s ionization region of a 76 nm thick film grown from TiCl4 and 1 on 

Si(100) at 180 °C.   
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Figure 36. XPS Si 2p ionization region of a 76 nm thick film grown from TiCl4 and 1 on 

Si(100) at 180 °C. Reference 2p binding energy for Si: 99.15 eV; SiO2: 103.40 

eV.
305

 

 

 
 

 

Figure 37. XPS Ti 2p ionization region of a 76 nm thick film grown from TiCl4 and 1 on 

Si(100) at 180 °C. Reference 2p binding energies for Ti metal: 453.8 and 459.95 

eV; TiO2: 458.5 and 464.2 eV; TiN: 455.7 and 461.3 eV.
305  
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Figure 38. XPS depth profile of a 76 nm thick film grown from TiCl4 and 1 on Si(100) at 

180 °C.   

 
 

A similar XPS analysis was performed on a 35 nm thick film grown from TiCl4 and 1 on 

Pt/SiO2/Si at 140 °C. Figure 39 shows the XPS survey scans, where the emergence of the Pt 

layer occurs after 40 min of sputtering. Figure 40 shows the O 2p ionization region. The as-

deposited film (red trace) shows an ionization centered at ~530.5 eV, likely originating from 

TiO2. The intensity of this ionization is very small after sputtering into the Pt layer (~30 min of 

sputtering) and shifts to ~532.5 eV upon penetration through the Pt layer, likely due to the 

underlying SiO2 layer. Figures 41–42 show the Pt 4f and Si 2p ionization regions, with the 

emergence of Pt and SiO2 observed after 30 and 40 min of sputtering, respectively. Figure 43 

shows the Ti 2p ionization region, which differs significantly from the analogous data for films 

grown on Si(100). In this case, continued sputtering does not result in the Ti 2p ionization signal 

matching Ti metal. Rather, after sputtering for 10–30 min, the Ti 2p3/2 ionization is consistent 

with the presence of TiPt3 (455.1 eV
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). The XPS depth profile, shown in Figure 44, also 

suggests a Ti/Pt alloy, as Ti and Pt are both detected after 25–40 min of sputtering. Interestingly, 

the presence of oxygen never drops below 40 at.%, even in the Pt layer. 
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Figure 39. XPS survey scans of a 35 nm thick film grown from TiCl4 and 1 on Pt/SiO2/Si at 

140 °C.   
 

 
 
 

Figure 40. XPS O 2p ionization region of a 35 nm thick film grown from TiCl4 and 1 on 

Pt/SiO2/Si at 140 °C.   
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Figure 41. XPS Pt 4f ionization region of a 35 nm thick film grown from TiCl4 and 1 on 

Pt/SiO2/Si at 140 °C. Reference 4f binding energies for Pt: 70.9 and 74.25 eV.
305

 

 
 

Figure 42. XPS Si 2p ionization region of a 35 nm thick film grown from TiCl4 and 1 on 

Pt/SiO2/Si at 140 °C. Reference 2p binding energy for Si: 99.15 eV; SiO2: 103.40 

eV.
305
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Figure 43. XPS Ti 2p ionization region of a 35 nm thick film grown from TiCl4 and 1 on 

Pt/SiO2/Si at 140 °C. Reference 2p binding energies for Ti metal: 453.8 and 

459.95 eV; TiO2: 458.5 and 464.2 eV; TiN: 455.7 and 461.3 eV.
305 

 

 
 
 

Figure 44. XPS depth profile of a 35 nm thick film grown from TiCl4 and 1 on Pt/SiO2/Si at 

140 °C.   
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For comparison, a 99.7% pure 0.127 mm thick Ti foil was analyzed by XPS. The foil was 

polished prior to analysis to reduce surface roughness. Continued sputtering with 3 keV argon 

ions resulted in the Ti 2p ionizations matching the known values for Ti metal (Figures 45–46).
305

 

Figure 45. XPS survey scans of a 99.7% pure 0.127 mm thick titanium foil. 

 
 

Figure 46. XPS Ti 2p ionization region of a 99.7% pure 0.127 mm thick titanium foil. 

Reference 2p binding energies for Ti metal: 453.8 and 459.95 eV; TiO2: 458.5 

and 464.2 eV; TiN: 455.7 and 461.3 eV.
305
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2.2.3 Titanium Films from TiCl4 and 1,4-Bis(trimethylsilyl)-1,4-dihydropyrazine 

 

Synthesis. 1,4-Bis(trimethylsilyl)-1,4-dihydropyrazine (2) is an 8π electron, antiaromatic 

heterocycle with a very low first vertical ionization potential,
298

 previously crystallized as a 

planar structure.
308

 Compound 2 was synthesized by the reductive silylation of pyrazine with 

lithium and ClMe3Si.
309 

The crude material melted at 63 °C and sublimed without residue at 

80 °C/0.05 Torr, affording a yellow crystalline product that was pure by 
1
H NMR analysis. The 

thermal decomposition point of 2 is > 265 °C. Exposure to air at 23 °C resulted in its rapid 

exothermic decomposition to a dark orange liquid. As depicted in Figure 47, TGA analysis 

performed under inert atmosphere showed a single-step weight loss over a temperature range of 

approximately 90–178 °C. 

 

Figure 47. TGA analysis of 2 performed under inert atmosphere. 

 

 

Solution Reactivity. Solution reductions were attempted using a variety of metal 

complexes and five molar equivalents of 2 (Table 6). Reactions were visually observed with all 

metal complexes except MnCl2.   

Credit: Dr. David Knapp (Applied Materials) 
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Table 6. Solution reactions of metal complexes with 2. 

 

Reduction of Cu(tmhd)2 produced a purple precipitate and flecks of Cu on the flask that were 

confirmed as Cu metal by powder XRD analysis, with a crystallite size of 15.0 ± 0.5 nm (Figures 

48–49). Reductions of CoCl2 and FeCl2 resulted in materials that stuck to the stir bar, diagnostic 

Metal Source Solv Reaction Reflux Solution Reaction 

  Temp 

(
o
C) 

Time 

(min) 

Temp 

(
o
C) 

Time 

(min) 

 

Cu(dmap)2 THF rt 15 66 60 copper-colored flakes; 

green residue & Cu on 

flask 

Cu(tmhd)2 THF rt 30 66 95 copper-colored & dark 

green flakes; Cu on 

flask 

NiCl2 THF rt 15 66 70 tan powder 

CoCl2 THF rt 35 66 60 dark green powder at rt 

(sticks to stir bar) 

FeCl2 THF rt 35 66 60 film on flask; black 

powder (sticks to stir 

bar) 

ZnCl2 THF rt 15 66 60 few metallic flakes  

white precipitate after 

~3 days 

CrCl2 THF rt 23 66 60 silver-colored flakes  

grey suspension 

MnCl2 THF rt 15 66 60 none after 1 day 

SbCl3 CH2Cl2 rt 30 40 ----- immediately turned 

opaque purple/brown; 

grey precipitate after 

~10 min 

TiCl4 CH2Cl2 rt < 1 ----- ----- immediately turned 

black; grey precipitate 

upon removal of solvent 

TiCl4 toluene rt < 1 ----- ----- immediately turned 

black; black precipitate 

turned Prussian blue 

upon air exposure 

SiCl4 toluene rt < 10 ----- ----- white precipitate that 

turned dark brown upon 

air exposure 
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of the ferromagnetic metals (Figure 48). Reduction of TiCl4 yielded the immediate formation of 

a black precipitate, while reduction of SiCl4 yielded and a white precipitate that turned dark 

brown upon air exposure (Figure 48); powder XRD analyses of these products did not show any 

identifiable reflections.  

 

Figure 48. Solution reduction products of Cu(thmd)2, CoCl2, FeCl2, and SiCl4 from 2. 

 

 

Figure 49. Powder XRD spectrum showing Cu metal; reduction of Cu(tmhd)2 by 2 in THF. 

 

0 

200 

400 

600 

800 

1000 

1200 

20 30 40 50 60 70 80 

In
te

n
si

ty
 (C

o
u

n
ts

) 

2 θ 

Copper (JCPDS 04-0836) 

200 

220 

111 



77 
 

 

Cyclic Voltammetry. To quantify the reducing power of the pyrazine dianion, CV 

experiments were performed in DMF, using 0.1 M NBu4ClO4 as the supporting electrolyte. 

Reported data are relative to ferrocene (referenced to 0.31 V), using Ag/AgNO3 as the reference 

electrode. Pyrazine showed a reduction at E1/2 = –2.32 V (Figure 50).   

 

 

Figure 50. Cyclic voltammagram of pyrazine relative to ferrocene (Fc/Fc
+
, E° = 0.31 V). 

 

 

 
 

Film Deposition Data. Encouraged by the reducing capability of 2, film depositions 

were explored using TiCl4 and 2 as precursors. Similar growth rates were observed on Si(100) 

with native oxide and 100 nm thermal SiO2/Si. The ALD study was conducted using SiO2 

substrates, while XPS and AES analyses were performed on films grown on Si(100) substrates. 

All films were exposed to ambient atmosphere prior to analyses, which led to rapid oxidation. X-

ray diffraction spectra of all films showed no reflections, suggesting either amorphous films or 
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removal from the reactor were electrically nonconductive by four-point probe analysis, 
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consistent with the rapid oxidation of the surface. All films showed good adhesion to the 

substrates, passing the Scotch tape test.   

Saturative growth behavior was observed for both TiCl4 and 2 at 0.2 and 0.1 s, 

respectively, with a growth rate of 0.10–0.12 Å/cycle observed at 100 °C (Figures 51–52). As 

expected, the consumption rate of 2 increased as a function of the pulse length of 2. Figure 53 

shows a plot of growth rate versus TiCl4 purge length, suggesting that a ≥ 5.0 s N2 purge is 

required to remove unreacted TiCl4 from the deposition chamber. Accordingly, a pulse sequence 

of 0.3 s TiCl4/5.0 s N2 purge/0.1 s 1/10.0 s N2 purge was used for all subsequent depositions. 

Importantly, experiments conducted using only TiCl4 and a N2 purge or only 2 and a N2 purge 

(3,000 cycles, 100 °C) did not produce any detectable film growth. Thus, growth requires both 

TiCl4 and 2 and does not occur by the separate decomposition of either precursor. Figure 54 

shows a plot of growth rate versus temperature, indicating an ALD window of 90–100 °C. 

Finally, Figure 55 shows a plot of film thickness versus the number of ALD cycles. The trend 

line indicates a growth rate of 0.118 Å/cycle and the y-intercept of 0.597 nm suggests that there 

is no nucleation delay for this process. 

 

Figure 51. Saturation plot of TiCl4 using 0.1 s pulses of 2 at 100 °C. 

  

 

0.00 

0.02 

0.04 

0.06 

0.08 

0.10 

0.12 

0.14 

0 0.1 0.2 0.3 0.4 0.5 0.6 

G
ro

w
th

 R
at

e
 (

Å
/c

yc
le

) 

TiCl4 Pulse (s) 



79 
 

 

Figure 52. Saturation plot of 2 using 0.3 s pulses of TiCl4 at 100 °C. The secondary axis 

shows the consumption rate of 2 as a function of the pulse length of 2. 
 

 
 

 

 

Figure 53. Plot of growth rate versus TiCl4 purge length using 0.3 s pulses of TiCl4 and 0.2 s 

pulses of 2 at 100 °C. 
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Figure 54. Plot of growth rate versus temperature using 0.3 s pulses of TiCl4 and 0.1 s pulses 

of 2 for 3,000 cycles. 
 

 
 

 

Figure 55. Plot of film thickness versus number of ALD cycles using TiCl4 and 2 at 100 °C. 

Images below the x-axis show magnified regions of each film from a single 

photograph taken of all films. 
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Figure 56 shows SEM images of films grown for 3,000 cycles on Si(100) and SiO2 

substrates. AFM analyses of 55–58 nm thick films grown at 100 °C revealed RMS surface 

roughnesses of ≤ 7.0 nm, indicating smooth surfaces (Figures 57–60, Table 7).   

 

Figure 56. Cross-sectional SEM images of films deposited on Si(100) and SiO2 substrates 

using TiCl4 and 2 within the 90–100 °C ALD window. 
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Figure 57. AFM image of a 2 μm
2
 region of a film grown using TiCl4 and 2. The film was 

deposited on Si(100) with native oxide at 100 °C. The RMS surface roughness of 

the 58 nm thick film was 7.0 nm. 

 

 
 

 

 

Figure 58. AFM image of a 5 μm
2
 region of a film grown using TiCl4 and 2. The film was 

deposited on Si(100) with native oxide at 100 °C. The RMS surface roughness of 

the 58 nm thick film was 3.5 nm. 
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Figure 59. AFM image of a 2 μm
2
 region of a film grown using TiCl4 and 2. The film was 

deposited on thermal SiO2 at 100 °C. The RMS surface roughness of the 55 nm 

thick film was 2.8 nm. 

 

 

 
 

 

 

Figure 60. AFM image of a 5 μm
2
 region of a film grown using TiCl4 and 2. The film was 

deposited on thermal SiO2 100 °C. The RMS surface roughness of the 55 nm 

thick film was 3.1 nm. 
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Table 7. Surface roughnesses measured by AFM of films grown using TiCl4 and 2 at 

100 °C on Si(100) and SiO2 substrates. 
 

 
 

A 95 nm thick film grown using TiCl4 and 2 on Si(100) with native oxide at 100 °C was 

carefully analyzed by XPS. Figure 61 shows the XPS survey scans, where Ti is observed until 60 

min of sputtering. Figure 62 shows the O 2p ionization region, where the center of the ionization 

peak gradually increases to higher binding energies with sputtering, likely due to a shift in 

concentration from TiO2 to SiO2. Figure 63 shows the Si 2p ionization region, with Si observed 

after ~40 min of sputtering. Figure 64 depicts the Ti 2p ionization region. In contrast to the 

analogous data for Ti films grown using 1, the Ti 2p ionizations of the as-deposited film (red 

trace) of do not possess shoulder regions tapering toward lower binding energies. However, 

similar to the films grown using 1, continued sputtering with 3 keV argon ions results in the 

gradual migration of these ionization peaks to the known values for Ti metal.
305

 Sputtering with 

3 keV argon ions is not capable of reducing TiO2 to Ti metal,
300

 thus demonstrating that the 

reduction occurs by a chemical process. Figure 65 shows the relative atomic concentrations as a 

function of sputter time. In contrast to data for the analogous process using 1, persisting C 

(9−16% ) and N (5−7%) impurities were detected between 10 and 50 min of sputtering, possibly 

due to the incorporation of pyrazine into the growing film. Accordingly, films grown from 2 are 

not as pure as those grown from 1. Finally, Figure 66 shows a plot of Ti(IV), Ti(III), Ti(II), and 

Ti(0) ionization intensities versus argon ion sputtering time, suggesting the presence of Ti(0) 

after only 10 min of sputtering. 
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Figure 61. XPS survey scans of a 95 nm thick film grown from TiCl4 and 2 on Si(100) at 

100 °C.   

 

 

Figure 62. XPS O 1s ionization region of a 95 nm thick film grown from TiCl4 and 2 on 

Si(100) at 100 °C.   
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Figure 63. XPS Si 2p ionization region of a 95 nm thick film grown from TiCl4 and 2 on 

Si(100) at 100 °C. Reference 2p binding energy for Si: 99.15 eV; SiO2: 103.40 

eV.
305 

 

 

 

Figure 64. XPS Ti 2p ionization region of a 95 nm thick film grown from TiCl4 and 2 on 

Si(100) at 100 °C. Reference 2p binding energies for Ti metal: 453.8 and 459.95 

eV; TiO2: 458.5 and 464.2 eV; TiN: 455.7 and 461.3 eV.
305 
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Figure 65. XPS depth profile of a 95 nm thick film grown from TiCl4 and 2 on Si(100) at 

100 °C.   

 

 

 

Figure 66. Relative abundance of Ti(IV), Ti(III), Ti(II), and Ti(0) oxidation states versus 

sputter time for a 95 nm thick film grown from TiCl4 and 2 on Si(100) at 100 °C.   
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AES analysis confirmed the persistent C impurity throughout the interior of the film and 

suggested an O concentration of ~50 at.% until the Si substrate was detected (Figure 67). The 

presence of N could not be confirmed by AES, since one of the two primary Ti ionizations 

overlaps the only N ionization. Trace levels of Cl and SiO2 were also detected throughout the 

film, with the concentration of the latter peaking at the film/substrate interface. 

 

Figure 67. AES depth profile of a 95 nm thick film grown from TiCl4 and 2 on Si(100) at 

100 °C.   
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transferred back to the reaction chamber. The “capping” experiment consisted of 200 cycles of 

3.0 s pulses of 3 with 10.0 s purges of N2 at 240 °C. The Co metal deposited as discontinuous 

nanoparticles (Figure 68). Figures 69–70 show XPS survey scans and the Co 2p ionization 

region, with the Co concentration ranging from 26.3% (10 min) to 2.9% (70 min) upon 

sputtering with 3 keV argon ions. Comparison of the Ti 2p ionization region for films with and 

without the Co overcoat revealed a similar conversion of Ti metal to Ti oxides upon exposure to 

air, indicating that the Co treatment did not protect the Ti film from oxidation (Figure 71). XPS 

depth profiling confirmed an O concentration ranging from 29.2–40.8% until the underlying Si 

substrate was detected after 40 min of sputtering (Figure 72). C and N impurities detected from 

10–50 min of sputtering ranged from 9.7–10.9% and 3.6–4.9%, respectively. Elemental mapping 

by AES indicated that the as-deposited surface exhibited submicron particles that were 

confirmed to be Co metal on the TiO2 surface. AES also showed a steady O concentration of ~50 

at.% from the surface to the film/substrate interface, which was nearly identical to that of the 

untreated film. 

Figure 68. Cross-sectional SEM image of a film deposited on thermal SiO2 using TiCl4 and 2, 

then overcoated with Co metal by a CVD process. 
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Figure 69. XPS survey scans of a 97 nm thick film grown from TiCl4 and 2 on Si(100) at 

100 °C and overcoated with Co by a CVD process.   

 

Figure 70. XPS Co 2p ionization region of a 97 nm thick film grown from TiCl4 and 2 on 

Si(100) at 100 °C and overcoated with Co by a CVD process. Reference 2p 

binding energies for Co metal: 777.9 and 792.95 eV; CoO: 780.0 and 795.50 

eV.
305
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Figure 71. XPS Ti 2p ionization region of a 97 nm thick film grown from TiCl4 and 2 on 

Si(100) at 100 °C and overcoated with Co by a CVD process. Reference 2p 

binding energies for Ti metal: 453.8 and 459.95 eV; TiO2: 458.5 and 464.2 eV; 

TiN: 455.7 and 461.3 eV.
305 

 

Figure 72. XPS depth profile of a 97 nm thick film grown from TiCl4 and 2 on Si(100) at 

100 °C and overcoated with Co by a CVD process.   
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Figure 73. AES depth profile of a 97 nm thick film grown from TiCl4 and 2 on Si(100) at 

100 °C and overcoated with Co by a CVD process. 
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substrates (Figures 76–77). 
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Figure 74. Cross-sectional SEM image of a 20 nm thick film grown on Pt from SbCl3 and 2 

for 1,000 cycles at 180 °C. 

 

 
 
 

Figure 75. Top-down SEM image of a 20 nm thick film grown on Pt from SbCl3 and 2 for 

1,000 cycles at 180 °C. 
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Figure 76. Cross-sectional SEM image of material grown on Pd from SbCl3 and 2 for 1,000 

cycles at 180 °C. 

 

 
 
 

Figure 77. Top-down SEM image of material grown on Pd from SbCl3 and 2 for 1,000 

cycles at 180 °C. 
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XPS survey scans of a 20 nm thick film deposited on Pt at 180 °C showed the 

disappearance of the C signal after 1 min of sputtering (Figure 78). It was difficult to quantify the 

Sb and O concentrations, as the Sb 3d5/2 and O 1s signals overlap. The Sb 2p region of the as-

deposited film showed the presence of Sb2O3 only, while a mixture of Sb and Sb2O3 was 

observed after 1 min of sputtering (Figure 79). Analysis by powder XRD (performed several 

months after the deposition) failed to show the presence of any known reflections for Sb or 

Sb2O3. 

 

Figure 78. XPS survey scans of a 20 nm thick film grown from SbCl3 and 2 on Pt at 180 °C. 
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Figure 79. XPS Sb 3d ionization region of a 20 nm thick film grown from SbCl3 and 2 on Pt 

at 180 °C. Reference values for Sb metal: 528.05 and 537.40 eV; Sb2O3: 530.5 

and 539.60 eV.
305
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XPS studies herein of films grown on Si(100) with native oxide revealed Ti 2p 

ionizations consistent with Ti metal upon sputtering into the film. This region is likely protected 

from oxidation by limited diffusion of oxygen through the film. Since the 3 keV argon ions used 

in the sputtering experiments cannot reduce TiO2 to Ti metal,
300

 the observed Ti metal must arise 

from the reduction of TiCl4 by 1 or 2. Air-exposed sputtered Ti films on clean Si(100) surfaces 

showed very similar XPS spectra to those obtained herein,
301

 supporting the claim of Ti metal 

growth from TiCl4 and 1 or 2. XPS analyses demonstrate that films obtained with 1 as the 

reducing coreagent have low C and Cl levels, with no N observed. These data rule out the 

formation of TiC, TiN, or low valent TiClx species. The C and N contamination detected in films 

grown using 2 may be due to the incorporation of pyrazine into the film. Finally, upon sputtering 

to the film/substrate interface, the Ti 2p3/2 and Si 2p binding energies matched those of Ti metal 

and elemental Si and were not consistent with those of TiSi2.
306

 Sputtered Ti metal grown on a 

clean Si(100) surface at room temperature afforded a very thin (~four monolayers) TiSi2 

interface, upon which Ti metal then grew.
301

 Formation of thicker TiSi2 films is carried out by 

the annealing of Ti metal layers on Si substrates at > 700 °C.
311

 The low temperatures of the Ti 

ALD processes demonstrated herein imply at most very thin TiSi2 interfacial layers. 

This is the first report of a thermal Ti ALD process. Upon the basis of the reduction 

potential of toluene (E1/2 = −2.46 V), most metal ions in the periodic table should be reduced by 

the 2-methyl-1,4-cyclohexadienyl dianion,
41

 which results upon double desilylation of 1. A 

similar argument can be made for 2. Accordingly, 1 and 2 should be powerful reducing 

coreagents for the ALD of metal films. A preliminary experiment for the reduction of SbCl3 by 2 

afforded a smooth, continuous film with a granular morphology on a Pt substrate. XPS analysis 

showed a mixed composition of Sb metal and Sb2O3 after only 1 min of sputtering. Further 
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extension of this work should lead to significant advances in the ALD of electropositive metal 

and element films that have been previously difficult or impossible to grow by low-temperature 

thermal processes.  

 

2.4 Experimental 

General Considerations. All manipulations were carried out under argon using either 

Schlenk or glove box techniques. All glassware was oven-dried at ≥ 150 °C prior to use.    

Tetrahydrofuran was distilled from sodium benzophenone ketyl and sodium metal. Toluene was 

distilled from sodium metal. Dichloromethane was distilled from calcium hydride. Anhydrous 

TiCl4 was obtained from Alpha Aesar. Anhydrous metal salts and a 99.7% pure Ti foil were 

obtained from Sigma-Aldrich. Compounds 1,
299 

2,
309

 and 3
42

 were synthesized according to 

published procedures. 
1
H and 

13
C{

1
H} NMR spectra were obtained at 400 and 100 MHz in 

benzene-d6 and were referenced to the residual proton and the 
13

C resonances of the solvent. 

Sublimations were performed using either a Büchi B-580 or Büchi B-585 sublimation oven.   

Preparation of 2-Methyl-1,4-bis(trimethylsilyl)-2,5-cyclohexadiene (1). A 200 mL 

Schlenk flask, equipped with a magnetic stir bar and a rubber septum, was charged with toluene 

(9.21 g, 0.10 mol) and THF (75 mL). A second 500 mL Schlenk flask, equipped with a magnetic 

stir bar and a rubber septum, was charged with chlorotrimethylsilane (40.00 g, 0.37 mol), lithium 

pellets (2.00 g, 0.29 mol), and THF (75 mL). Both flasks were cooled to 0 °C.  The toluene 

solution was added dropwise by cannula to the 500 mL flask. The resultant solution was stirred 

for 8 h at 5–10 °C. THF along with unreacted chlorotrimethylsilane and toluene were removed 

under reduced pressure, leaving a clear liquid. The crude product was distilled at 90–100 °C/0.05 

Torr as a mixture of two diastereomers: bp 96 °C/0.05 Torr; 
1
H NMR (400 MHz, C6D6, 23 °C, δ) 

5.62 (m, 1H, CH (ring)), 5.53 (m, 1H, CH (ring)), 5.27 (s, 1H, CH (ring)), 2.22 (m, 1H, SiCH 
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(ring)), 2.10 (m, 1H, SiCH (ring)), 1.65 (s, 3H, CH3), 0.11 (s, 9H, Si(CH3)3), 0.05 (s, 9H, 

Si(CH3)3); 
13

C{
1
H} NMR (400 MHz, C6D6, 23 °C, ppm) 132.87 (s, CHCH3 (ring)), 126.34 (s, 

CH (ring)), 122.90 (s, CH (ring)), 118.20 (s, CH (ring)), 36.31 (s, CHSi (ring)), 31.40 (s, CHSi 

(ring)), 25.10 (s, CH3), –1.41 (s, Si(CH3)3), –3.01 (s, Si(CH3)3).  

Preparation of 1,4-Bis(trimethylsilyl)-1,4-dihydropyrazine (2). A 100 mL Schlenk 

flask, equipped with a magnetic stir bar and a rubber septum, was charged with pyrazine (8.00 g, 

0.10 mol) and tetrahydrofuran (30 mL). A second 200 mL Schlenk flask, equipped with a 

magnetic stir bar and a rubber septum, was charged with chlorotrimethylsilane (32.59 g, 0.30 

mol), lithium pellets (2.08 g, 0.30 mol), and THF (30 mL). Both flasks were cooled to 0 °C. The 

dissolved pyrazine solution was added dropwise by cannula over a 17 min period to the 200 mL 

flask. The resulting melon-orange solution was stirred for 2 h at 0 °C, then filtered through a 1-

inch pad of Celite on a medium glass frit. THF and unreacted chlorotrimethylsilane were 

removed under reduced pressure, affording a yellow solid. Yellow crystals were obtained by 

sublimation at 80 °C/0.05 Torr (13.82 g, 61%): mp 62–66 °C; 
1
H NMR (C6D6, 23 °C, δ) 4.70 (s, 

4H, CH (ring)), –0.04 (s, 18H, Si(CH3)3); 
13

C{
1
H} NMR (400 MHz, C6D6, 23 °C, ppm) 115.11 

(s, CH (ring)), –2.12 (s, Si(CH3)3). 

Sublimation Study. The preparative sublimation of 2 employed a 30 cm long, 2.5 cm 

diameter glass tube. One end of this tube was sealed, while the other end was fitted with a 24/40 

glass joint (male). In an argon-filled dry box, 1.0 g of 2 was loaded into a 1.0 × 3.0 cm glass tube, 

which was placed inside of the glass sublimation tube at the sealed end. The sublimation tube 

was subsequently fitted with a 24/40 vacuum adapter and placed into a horizontal Büchi 

Kugelrohr oven. Approximately 20 cm of the sublimation tube was situated inside of the oven. A 

pressure of 0.05 Torr was maintained throughout the experiment. The oven temperature was set 
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to 80 °C. Compound 2 sublimed to the cool zone outside of the oven. The percent recovery was 

determined by weighing the sublimed product. The percent nonvolatile residue was obtained by 

weighing the 1.0 × 3.0 cm glass tube upon completion of the sublimation experiment.  

Melting Point and Thermal Decomposition Studies. The melting point and thermal 

decomposition temperature of 2 were assessed using a Thermo Scientific Mel-Temp 3.0 digital 

melting point apparatus and are uncorrected. In an argon-filled dry box, a melting point capillary 

tube was charged with 1–2 mg of 2, and the end of the tube was sealed with a small amount of 

stopcock grease. The capillary tube was then removed from the dry box and the end was flame-

sealed. The capillary tube was transferred to the melting point apparatus and was heated at a 

5 °C/min gradient starting at 25 °C. A more precise experiment was subsequently performed 

whereby a sample of 2 was heated at a 0.5 °C/min gradient starting at 57 °C. Additional 

experiments to determine the decomposition of 2 used a gradient of 10 °C/min. In all cases, the 

sample evaporated to the top of the capillary tube at ~265 °C. No discoloration of the sample was 

observed, suggesting that 2 evaporated intact with no decomposition. 

In a similar fashion, heating a sample of 1 in a sealed capillary tube resulted in the 

evaporation of 1 to the top of the tube prior to the onset of decomposition. A subsequent 

approach employed a 2-dram screw cap vial charged with 2 mL of 1 under argon. The cap of the 

vial was sealed with Teflon tape prior to removal from the dry box. The vial was placed in a 

crucible, which was then placed in a ThermoLyne 48000 furnace. The temperature was slowly 

increased while periodically inspecting the sample for any visual changes. No visual changes 

were observed at ≤ 450 °C, which was the upper temperature limit of the experiment. 

Cyclic Voltammetry. CV experiments were performed using a BASi potentiostat in an 

argon-filled dry box. Experiments were conducted in DMF, using NBu4ClO4 as the supporting 
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electrolyte. Reported data are relative to ferrocene (referenced to 0.31 V), using Ag/AgNO3 as 

the reference electrode.   

Film Growth Studies. A Picosun Oy R-75BE ALD reactor was used for thin film 

deposition experiments. A Texol GeniSys N2 generator supplied 99.9995% N2 as both the carrier 

and purge gas. An Ebara ESA25-D multi-stage dry pump was used to maintain a pressure of 6–

10 mbar in the reactor while under a constant N2 flow. A SAES MC1-902FV gas purifier was 

used to purify the N2 to 99.99999% for all films grown using 1 and for films grown using 2 for 

which compositional analyses were performed.  

TiCl4 and 1 or 2 were used as precursors to grow films on Si(100) with native oxide, 

thermal SiO2, and Pt/SiO2/Si. These substrates were provided by Applied Materials. Data for the 

ALD studies were obtained from films grown on 1 cm
2
 thermal SiO2 substrates. TiCl4 was 

delivered by bubbler at 23 °C at the reactor pressure. Compounds 1 and 2 were delivered by solid 

state booster at 64.0 ± 1.0 °C and 56.5 ± 0.5 °C, respectively. Precursor pulse lengths were 

varied to determine the degree of surface saturation. The substrate temperature was subsequently 

varied using saturative doses of the precursors.  

TGA/DTA analysis of 2 was performed by Dr. David Knapp at Applied Materials 

(Sunnyvale, CA). Thicknesses of deposited films were measured by cross-sectional SEM using a 

JEOL-6510LV electron microscope. Growth rates were calculated by dividing the measured film 

thicknesses by the number of deposition cycles. Film thicknesses were measured at a minimum 

of three points on each substrate to evaluate the uniformity. For EDS experiments performed in 

conjunction with this system, the anti-contamination device was cooled with liquid N2 to 

minimize carbon contamination. Powder XRD experiments were performed with a Rigaku 

R200B 12 kW rotating anode diffractometer, using Cu Kα radiation (1.54056 Å) at 40 kV and 
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150 mA. Crystalline phases were identified by comparison of the experimental patterns with the 

powder diffraction files of the International Center of Diffraction Data using the Jade 5.0 

software package. Crystallite sizes were calculated from the most intense reflection, using the 

Scherrer equation with the Jade 5.0 software package. XPS analyses were performed with a 

Perkin-Elmer ESCA 5500 system using monochromatized (SiO2 crystal) Al Kα radiation (15 kV 

at 15 mA) and a 90-degree Omni-Focus lens. The typical background pressure during analysis 

was 1 × 10
–9

 Torr. An argon ion sputter was used for depth profiling using a 3.0 keV, 25 mA 

emission current and 10 × 10
–3

 Pa. The spectrometer was calibrated to the Au 4f7/2 peak at 83.80 

eV, the Cu 3p3/2 peak at 74.9 eV, and the Cu 2p3/2 peak at 932.40 eV. A low-energy electron 

flood gun was used to neutralize the charge by aligning the adventitious carbon (C 1s) peak to 

284.6 eV. For all samples, a survey spectrum was recorded over a binding energy range of 0 to 

1200 eV using a pass energy of 117.4 eV with a scan step of 1.0 eV. High-resolution multiplex 

spectra were obtained using a pass energy of 23.5 eV with a scan step of 0.025 eV. AFM 

micrographs were obtained using a Park Systems XE_NSOM atomic force microscope. The 

samples were measured using the tapping mode in air at a frequency of 0.34 Hz. An ACTA tip 

was used, with a resonance frequency of 300 kHz and a force constant of 40 Nm
–1

. Surface 

roughnesses were calculated as RMS values by Park Systems XEI software (Rq). For all 

measurements, the noise was on the order of 3 nm. Sheet resistivity measurements were obtained 

using a Jandel 4-point probe in combination with a Keithley 2400 SourceMeter and a Keithley 

2182A Nanovoltmeter. AES depth profiling was performed by Evans Analytical Group 

(Sunnyvale, CA).  
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CHAPTER 3 

 

Low Temperature Thermal Atomic Layer Deposition of Cobalt and Other Metal Films 

Using Formic Acid 
 
 
 

3.1 Introduction 

 

Cobalt metal films have important applications as magnetic materials, precursors to CoSi2 

contact materials, and liners and caps of copper features in microelectronics devices.
122

 

Numerous PEALD processes for Co metal have been reported,
43–44,129–134

  however, plasma can 

cause substrate damage from highly reactive species and can result in poor conformal coverage 

of high aspect ratio features due to surface recombination of H atoms.
31,49 

Thermal ALD is the 

preferred technique for depositing conformal films with nanoscale precision on structured and 

high aspect ratio surfaces. However, reports of thermal ALD processes for Co metal are 

extremely limited. Co(
i
PrNC(Me)N

i
Pr)2 was used with and H2 gas at 350 °C for the growth of 

Co metal at a rate of 0.12 Å/cycle.
36

 This precursor was subsequently used at 300–340 °C (H2 

gas)
136

 and 350 °C (H2 gas,
137

 NH3 gas,
137–138 

and
 
NH3 plasma).

138
 Although self-limited behavior 

was demonstrated,
36

 the temperatures used for these studies were significantly higher than the 

decomposition temperature of Co(
i
PrNC(Me)N

i
Pr)2 (215–225 

°
C),

139
 suggesting a likely CVD 

component toward film growth. A subsequent process using (2-tert-butylallyl)Co(CO)3 and 1,1-

dimethylhydrazine was used for the selective ALD of Co metal at 140 °C, however, self-limited 

growth was not demonstrated.
143

 Additionally, thermal decomposition of this precursor appears 

to commence at ~90 °C (Appendix A), implying a probable CVD component to the film growth 

process. Finally, a recently-reported process for Co metal ALD used a Co α-imino alkoxide 

precursor and BH3(NHMe2).
39

 Growth only occurred on Ru substrates (0.07 Å/cycle at 180 °C), 

and only after a nucleation step consisting of 50 cycles of 20 s pulses of the Co precursor.
39

 Film 
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thickness plateaued after 1,000 ALD cycles, suggesting a catalytic role of the Ru substrate in 

activating BH3(NHMe2).
39

 These methods all demonstrate low growth rates or have otherwise 

significant drawbacks, highlighting the need for an improved low-temperature Co ALD process. 

Recently, a three-step process was reported for the ALD of high-purity Cu films using Cu 

bis(1-dimethylamino-2-propoxide) (Cu(dmap)2), formic acid, and hydrazine.
231

 Although 

Cu(dmap)2 cannot be reduced by hydrazine, Cu formate is readily reduced by hydrazine to Cu 

metal.
231

 Accordingly, similar three-step processes were considered for Co metal ALD. Winter 

and coworkers recently developed a series of transition metal diazadienyl complexes of the form 

M(
t
Bu2DAD)2 (M = Co (3), Ni (4), Fe (5), Cr (6), Mn (7)) as ALD precursors.

42
 These 

compounds sublime at low temperatures and demonstrate high thermal stabilities (Table 8).  

 

Table 8. Reported thermal properties of M(
t
Bu2DAD)2 complexes.

42
 

    Sublimation   Solid State   Nonvolatile 

    Temp   Decomp. Temp. Recovery Residue 

Complex (°C/0.05 Torr) mp (°C) (°C) (%) (%) 

3 Co 115 174–175 235 94.7 5.2 

4 Ni 115 184–185 230 92.3 6.9 

5 Fe 115 132–134 260 96.1 3.4 

6 Cr 85 95–97 295 96.7 3.2 

7 Mn 120 155–157 325 95.0 4.3 

 

Chapter 2 described the use of bis(trimethylsilyl) six-membered rings as strongly-reducing 

coreagents for ALD, where 1 and 2 were used for the reduction of TiCl4 to Ti metal. Thus, the 

envisioned approach for a novel Co ALD process entailed the use of 3, formic acid, and 2 in a 

three-step sequence. The discovery that high-purity Co films could be grown using only 3 and 

formic acid is described in a full deposition study herein. The original three-step approach was 

subsequently applied to the growth of other transition metal and metal oxide films. 
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3.2 Results and Discussion 

Cyclic Voltammetry. Compounds 3 and 4 were analyzed by CV in DMF, using 0.1 M 

NBu4ClO4 as the supporting electrolyte. Reported data are relative to ferrocene (referenced to 

0.31 V), using Ag/AgNO3 as the reference electrode. Reversible redox couples were observed for 

3 at E1/2 = −0.065  and −0.538 V and for 4 at E1/2 = 0.191 and –0.487 V (Figures 80–81). 

 

Figure 80. Cyclic voltammagram of 3 relative to ferrocene (Fc/Fc
+
, E° = 0.31 V). 

 

 
 

 

Figure 81. Cyclic voltammagram of 4 relative to ferrocene (Fc/Fc
+
, E° = 0.31 V). 
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Solution Reactivity. Compound 3 (1 equivalent) was dissolved in dry THF, yielding a 

dark green solution, to which formic acid (53 equivalents) was added. After stirring for 45 min at 

23 °C, a purple precipitate was observed. After refluxing for 1 hr, the purple precipitate turned 

pink/red. After sitting overnight, the solution turned brown; none of the precipitate adhered to the 

stir bar. The powder XRD spectrum of the precipitate was complex, possibly showing the 

presence of Co(OCHO)2∙2H2O, Co metal, Co3O4, or CoO (Figures 82–84). This experiment was 

repeated, with 3 (1 equivalent) and formic acid (19 equivalents) each dissolved in dry THF. After 

adding the formic acid solution to 3 and allowing the mixture to stand without stirring for 20 min, 

a lighter green solution resulted with a significant amount of precipitate. Stirring this solution at 

23 °C for 30 minutes resulted in its changing color from light green to pink to dull purple to light 

brown. After refluxing for 30 min, the solution was olive green with a pink precipitate. After 

standing under argon for 20 hrs, the solution turned dark brown; none of the precipitate adhered 

to the stir bar. 

 

Figure 82. Powder XRD spectrum of the product obtained by reacting 3 and formic acid. 

Major reflections for Co(OCHO)2∙2H2O <21–0257> are shown by vertical lines. 
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Figure 83. Powder XRD spectrum of the product obtained by reacting 3 and formic acid. 

Known reflections for the hexagonal <05–0727> and cubic <15–0806> phases of 

cobalt metal are shown by vertical lines. The crystallographic plane associated 

with each reflection is indicated above each vertical line. 

 

Figure 84. Powder XRD spectrum of the product obtained by reacting 3 and formic acid. 

Known reflections for the cubic cobalt oxide phases Co3O4 <43–1003> and CoO 

<48–1719> are shown by vertical lines.  
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3.2.1 Cobalt Films by a Three-step Process 

An initial deposition experiment was performed for 1,000 cycles at 180 °C. A pulsing 

sequence of 6.0 s 3/5.0 s N2 purge/0.2 s formic acid/5.0 s N2 purge/1.0 s 2/10.0 s N2 purge was 

applied. Cross-sectional SEM analyses revealed a smooth, continuous film on Ru (24 nm), 

discontinuous rough films on Si(100) (32 nm) and SiO2 (84 nm), and nanoparticulate growth on 

Al2O3. Top-down SEM analyses showed island-type growth on Si(100) and Al2O3, with particles 

measuring 40–56 and 20–34 nm in diameter, respectively. However, a top-down perspective of a 

film grown on SiO2 showed a granular morphology consistent with metallic film growth (Figure 

85). Visually-uniform films were also observed on Pt and Pd substrates. 

 

Figure 85. Cross-sectional and top-down SEM images of an 84 nm thick film grown on SiO2 

from 3, formic acid, and 2 for 1,000 cycles at 180 °C. 

  

 

XPS survey scans of a 24 nm thick Co film deposited on Ru at 180 °C showed no N in 

the as-deposited film and a significant reduction of O and C contamination after 1 min of 

sputtering. After 2 min of sputtering, the film contained 97.1% Co, and the Co 2p ionizations 

were an exact match to Co metal (Figures 86–87).   
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Figure 86. XPS survey scans of a 24 nm thick film grown from 3, formic acid, and 2 on a 5 

nm thick Ru substrate at 180 °C. 

 

 

 

Figure 87. XPS Co 2p ionization region of a 24 nm thick film grown from 3, formic acid, 

and 2 on a 5 nm thick Ru substrate at 180 °C. Reference 2p binding energies for 

cobalt metal: 777.9 and 792.95 eV; CoO: 780.0 and 795.50 eV.
305 
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A powder XRD spectrum of the film deposited on SiO2 showed reflections corresponding 

to lattice planes 100, 200, and 101 of Co metal (Figure 88). The average crystallite size was 20.0 

± 1.3 nm.  

 

Figure 88. Powder XRD spectrum of an 84 nm thick Co film grown on SiO2 from 3, formic 

acid, and 2 for 1,000 cycles at 180 °C. Reflections for the hexagonal <05-0727> 

phase of cobalt metal are shown by vertical lines. The associated crystallographic 

plane is indicated above each vertical line. Reflections due to the underlying 

Si(100) substrate are indicated. 
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conducted on Ru substrates. Figure 89 shows a plot of growth rate versus pulse length of 3, 

indicating a growth plateau at ≥ 3.0 s pulses, with a saturative growth rate of 0.95 Å/cycle. The 

secondary axis of Figure 89 illustrates that the consumption rate of 3 was proportional to the 

pulse length of 3. A similar plot of growth rate versus pulse length of formic acid shows 

saturative behavior at ≥ 0.1 s pulses with the same growth rate (Figure 90). An increase in 

chamber pressure of 1.2 ± 0.2 mbar was consistently observed during the formic acid pulses, 

ensuring constant vapor pressure throughout the study. Based upon these data, a pulsing 

sequence of 5.0 s 3/10.0 s N2 purge/0.2 s formic acid/10.0 s N2 purge was used for all subsequent 

depositions. Figure 91 shows a plot of growth rate versus temperature. An ALD window was 

observed from 170–180 °C, with a growth rate of approximately 1.00 Å/cycle within this range. 

The growth rate significantly decreases at ≥ 200 °C, likely due to the partial decomposition of 3. 

The secondary axis of Figure 91 shows a plot of the bulk resistivity versus temperature. Films 

grown within the 165−220 °C range had resistivity values of 13−19 μΩ∙cm, approaching that of 

bulk cobalt (6.24 μΩ∙cm at 20 °C).
312

 Films grown at 240 °C had an average resistivity of 33 

μΩ∙cm and a notably different morphology by SEM analysis, likely due to the complete 

decomposition of 3.
 
 Figure 92 shows a plot of film thickness versus the number of ALD cycles, 

confirming a growth rate of 0.95 Å/cycle. A deposition experiment using 100 ALD cycles did 

not produce a continuous film, but rather nanoparticulate growth on the surface with a sheet 

resistivity identical to that of the untreated Ru substrate (59 ± 4 Ω/□). Finally, although self-

limiting behavior was observed, experiments conducted without formic acid using a pulsing 

sequence of 5.0 s 3/10.0 s N2 purge for 1,000 cycles at 180 °C resulted in 13−15 nm thick films. 

Thus, a minor CVD component may be operant in the growth of these films at 180 °C. Metal 

surfaces may enhance the decomposition of 3 at temperatures below its solid state decomposition 
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temperature. It is also possible that the ALD growth mode is kinetically favored over the CVD 

growth mode and does not affect the saturative behavior of this process at 180 °C. 

 

Figure 89. Saturation plot of 3 using 0.2 s pulses of formic acid at 180 °C. The secondary 

axis shows the consumption rate of 3 as a function of the pulse length of 3. 

 

 

 

Figure 90. Saturation plot of formic acid using 5.0 s pulses of 3 at 180 °C.  
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Figure 91. Plot of growth rate versus temperature using 5.0 s pulses of 3 and 0.2 s pulses of 

formic acid for 1,000 cycles. The secondary axis shows the bulk resistivity of the 

film as a function of temperature. 

 

 

 

Figure 92. Plot of film thickness versus number of ALD cycles using 3 and formic acid at 

180 °C. 
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Cobalt films grown on Ru substrates were carefully analyzed after exposure to ambient 

atmosphere. Figures 93–102 show SEM images of films grown from 140–240 °C for 1,000 ALD 

cycles. Uniform, continuous films were deposited on Ru at ≤ 220 °C. Top-down perspectives 

show granular morphologies consistent with metallic films at ≥ 160 °C. Films deposited at 

140 °C were smooth, with no observed microstructure by cross-sectional or top-down SEM 

analyses. Films deposited at 240 °C were very rough with nanorods emerging from the surface. 

The solid state thermal decomposition temperatures of 3
42

 and anhydrous Co(OCHO)2
313

 are 235 

and 237 °C, respectively. Thus, films grown at ≥ 235 °C are expected to be very rough.
 
Figures 

103–113 show SEM images of films grown for a differing number of ALD cycles at 180 °C. 

After 100 cycles, widely spaced nanoparticles were observed with diameters of ~25–40 nm. 

These particles appear to coalesce to a continuous film at ≤ 250 cycles. After 250 cycles, a 

smooth, continuous 24 nm thick layer was observed (0.96 Å/cycle). Thus, there is a nucleation 

process that occurs between 100 and 250 cycles with normal ALD growth occurring at or before 

250 cycles. After 500 cycles, a granular morphology consistent with a metallic film was apparent 

by top-down SEM analysis. The same microstructure was observed after 1,000 cycles, however, 

films grown for 2,000 cycles had a much smaller average grain size. Figures 114–116 show 

cross-sectional SEM images of continuous films grown on Cu, Pd, and Pt substrates, respectively, 

for 1,000 cycles at 180 °C. 
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Figure 93. Cross-sectional SEM image of a 24 nm thick film grown on Ru from 3 and formic 

acid for 1,000 cycles at 140 °C. 

 

Figure 94. Top-down SEM image of a 24 nm thick film grown on Ru from 3 and formic acid 

for 1,000 cycles at 140 °C. 
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Figure 95. Cross-sectional SEM image of a 57 nm thick film grown on Ru from 3 and formic 

acid for 1,000 cycles at 160 °C. 

 

Figure 96. Top-down SEM image of a 57 nm thick film grown on Ru from 3 and formic acid 

for 1,000 cycles at 160 °C. 
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Figure 97. Cross-sectional SEM image of a 98 nm thick film grown on Ru from 3 and formic 

acid for 1,000 cycles at 170 °C. 

 

Figure 98. Top-down SEM image of a 98 nm thick film grown on Ru from 3 and formic acid 

for 1,000 cycles at 170 °C. 
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Figure 99. Cross-sectional SEM image of a 132 nm thick film grown on Ru from 3 and 

formic acid for 1,000 cycles at 200 °C. 

 

Figure 100. Top-down SEM image of a 132 nm thick film grown on Ru from 3 and formic 

acid for 1,000 cycles at 200 °C. 
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Figure 101. Cross-sectional SEM image of a film grown on Ru from 3 and formic acid for 

1,000 cycles at 240 °C. 

 

Figure 102. Top-down SEM image of a film grown on Ru from 3 and formic acid for 1,000 

cycles at 240 °C. 
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Figure 103. SEM image at a 5-degree tilt showing nanoparticulate growth on Ru from 3 and 

formic acid for 100 cycles at 180 °C. 

 

 
 

Figure 104. SEM image at a 5-degree tilt showing a continuous 24 nm thick film grown on Ru 

from 3 and formic acid for 250 cycles at 180 °C. 

. 
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Figure 105. Cross-sectional SEM image of a 24 nm thick film grown on Ru from 3 and formic 

acid for 250 cycles at 180 °C. 

 

 

Figure 106. Top-down SEM image of a 24 nm thick film grown on Ru from 3 and formic acid 

for 250 cycles at 180 °C. 
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Figure 107. Cross-sectional SEM image of a 50 nm thick film grown on Ru from 3 and formic 

acid for 500 cycles at 180 °C. 

 

 

Figure 108. Top-down SEM image of a 50 nm thick film grown on Ru from 3 and formic acid 

for 500 cycles at 180 °C. 
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Figure 109. Cross-sectional SEM image of a 93 nm thick film grown on Ru from 3 and formic 

acid for 1,000 cycles at 180 °C. 

 

Figure 110. Top-down SEM image of a 93 nm thick film grown on Ru from 3 and formic acid 

for 1,000 cycles at 180 °C. 
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Figure 111. Cross-sectional SEM image of a 196 nm thick film grown on Ru from 3 and 

formic acid for 2,000 cycles at 180 °C. 

 

Figure 112. Top-down SEM image of a 196 nm thick film grown on Ru from 3 and formic 

acid for 2,000 cycles at 180 °C; 130,000X magnification. 
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Figure 113. Top-down SEM image of a 196 nm thick film grown on Ru from 3 and formic 

acid for 2,000 cycles at 180 °C; 90,000X magnification. 

 

Figure 114. Cross-sectional SEM image of a 92 nm thick film grown on Cu from 3 and formic 

acid for 1,000 cycles at 180 °C. 
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Figure 115. Cross-sectional SEM image of a 122 nm thick film grown on Pd from 3 and 

formic acid for 1,000 cycles at 180 °C. 

 

Figure 116. Cross-sectional SEM image of a 97 nm thick film grown on Pt from 3 and formic 

acid for 1,000 cycles at 180 °C. 
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The surface morphology of these films was examined by AFM. A 105 nm thick film 

grown on Ru at 180 °C had RMS roughness values of ≤ 1.245 nm, indicating an extremely 

smooth surface (Figure 117, Table 9). For comparison, the RMS surface roughness of the 

underlying Ru substrate was ≤ 0.418 nm. 

 

Figure 117. AFM images of a 105 nm thick film grown on Ru from 3 and formic acid at 

180 °C: (a) 2 μm
2
 region, (b) 5 μm

2
 region. 

                 

 

Table 9. Surface roughnesses measured by AFM of a 105 nm thick film grown on Ru from 

3 and formic acid at 180 °C. Measurements were taken from 2 and 5 μm
2 

areas. 

Film/Substrate Film Thickness (nm) RMS Roughness (nm) 

  2 μm
2
 5 μm

2
 

Co/Ru/SiO2/Si 105 0.984 1.245 

Bare Ru/SiO2/Si ------ 0.418 0.357 
 

The presence of crystalline cobalt metal was confirmed by TEM and powder XRD 

analyses. Figure 118 shows a TEM image of Co metal grown on the carbon film of a Cu TEM 

grid for 2,000 cycles at 180 °C. The presence of lattice fringes is diagnostic of crystalline 

material. Figure 119 shows a powder XRD spectrum of a film grown on Ru at 180 °C. 

Reflections confirm the presence of crystalline Co metal. The average crystallite size was 13.4 ± 

3.0 nm, as calculated from the Scherrer equation. 

(a) (b) 
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Figure 118. TEM image of Co metal grown from 3 and formic acid on a TEM grid at 180 °C. 

 

 

Figure 119. Powder XRD spectrum of a 93 nm thick film grown from 3 and formic acid on Ru 

for 1,000 cycles at 180 °C. Reflections for the hexagonal <05–0727> and cubic 

<15–0806> phases of cobalt metal are shown by vertical lines. The associated 

crystallographic plane is indicated above each vertical line. 
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Four-point probe resistivity measurements were also performed on these films. In an 

initial experiment at 180 °C using 1,000 ALD cycles, growth was attempted on a variety of 

substrates, including Ru, Pd, Pt, Cu, Si(100), Si-H, SiO2, and TiN. Films grown on Ru, Pd, Pt, 

and Cu showed sheet resistivity values significantly lower than those of the bare substrates 

(Table 10). Bulk resistivity values for these films ranged from 19.2–25.7 μΩ∙cm. Films were not 

visually observed on Si(100), SiO2, Si-H, or TiN substrates, and sheet resistivity values for these 

materials were outside of the range of the four-point probe.   

 

Table 10. Resistivity data for substrates and cobalt films grown from 3 and formic acid for 

1,000 cycles at 180 °C.  

 
 

 
 

A second resistivity analysis was performed for films grown on Ru, Pd, Pt, and Cu within 

the 140–240 °C range for 1,000 cycles. Films deposited on Ru within the 165–220 °C range 

showed sheet resistivities of 0.8–3.9 Ω/□, corresponding to bulk resistivities of 13.4–19.0 μΩ∙cm, 

approaching that of bulk Co metal (6.24 μΩ∙cm at 20 °C).
312

 

Substrate 

 

Substrate  Res. 

(Ω/□) 

Film Thickness 

(nm) 

Film Sheet Res. 

(Ω/□) 

Film Bulk Res. 

( μΩ∙cm) 

Ru/TaN/SiO2/Si 59.0 ± 0.4 98.9 ± 4.0 2.6 ± 0.7 25.7 ± 0.1 

Pd/Ta/SiO2/Si 19.8 ± 1.2 120.0 ± 2.9 1.6 ± 0.3 19.2 ± 0.1 

Pt/Ta/SiO2/Si 42.6 ± 3.0 101.3 ± 6.6 2.1 ± 0.1 21.3 ± 0.1 

Cu/Ta/Si 11.9 ± 0.7 82.9 ± 9.6 2.6 ± 0.3 21.6 ± 0.3 

Si(100) -------- No visual film -------- n/a 

Si-H -------- No visual film -------- n/a 

100 nm SiO2/Si -------- No visual film -------- n/a 

20 nm TiN/Si 185.2 ± 8.5 No visual film 192.1 ± 8.6 n/a 
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Figure 120. Sheet resistivity data for cobalt films grown from 3 and formic acid for 1,000 

cycles.  

 

 

 

 

 

XPS survey scans of a 95 nm thick Co film deposited on Ru at 180 °C showed no N in 

the as-deposited film and the elimination of all C contamination after 1 min of sputtering (Figure 

121). The O content in the film steadily decreased, plateauing at 8.3% after 8 min of sputtering. 

The Co 2p ionization region showed the presence of CoO in the as-deposited film (red trace, 

Figure 122). After 1 min of sputtering with 3 keV argon ions, only Co (58.3%) and O (41.7%) 

were detected. Continued sputtering resulted in ionizations which exactly matched the known 

values for Co metal after 2 min and a film composition consisting of 91.6% Co metal after 8 min. 
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Figure 121. XPS survey scans of a 95 nm thick film grown from 3 and formic acid on Ru at 

180 °C. 

 

 
 

 

Figure 122. XPS Co 2p ionization region of a 95 nm thick film grown from 3 and formic acid 

on Ru at 180 °C. Reference 2p binding energies for Co metal: 777.9 and 792.95 

eV; CoO: 780.0 and 795.50 eV.
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Two other precursors were subsequently considered for a Co metal ALD process using 

formic acid. A three-step approach was attempted at 125 °C using (2-tert-butylallyl)Co(CO)3,
143

 

formic acid, and 2. The onset of thermal decomposition for this Co precursor appears to be 

~90 °C (Appendix A), however, it was previously used for the ALD of Co metal and CoSi2.
143–

144
 A pulsing sequence of 2.0 s Co allyl/15.0 s N2 purge/0.2 s formic acid/5.0 s N2 purge/1.0 s 

2/10.0 s N2 purge was applied for 300 cycles. No films were detected on any of the substrates 

used, including Al2O3, TiN, Ru, Pd, Pt, Co, Cu, SiO2, Si(100), and Si-H. Subsequently, a binary 

process was attempted at 175 °C using a Co hydrazonate complex
98

 and formic acid. A pulsing 

sequence of 3.0 s Co hydrazonate/10.0 s N2 purge/0.2 s formic acid/10.0 s N2 purge was applied 

for 1,000 cycles. No film growth was detected on the Ru substrates used for this experiment. 

First-row transition metals can catalyze the decomposition of formic acid to H2, CO2, and 

other products, and Co and Ru are very reactive catalysts.
314

 Since no Ru was observed in the 

XPS spectra of the Co films grown from 3 and formic acid, Co metal likely catalyzes the 

decomposition of formic acid once a continuous Co layer is grown. Based on the solution 

experiments previously described, this process may proceed via protonation of the 
t
Bu2DAD 

ligands by formic acid (pKa = 3.7)
315

 toward the formation of an intermediate Co(II) formate 

layer and other possible products. The underlying Co or Ru layer may catalyze the 

decomposition of formic acid to H2 and other species that could reduce these surface-derived 

layers to Co metal. Data herein suggest a 10–15% CVD component to the growth at 180 °C and 

a nucleation period of ≤ 250 cycles before normal ALD growth ensues. This small CVD 

component due to the self-decomposition of 3 may provide a Co seed layer, as 3 has been shown 

to thermally decompose to Co metal in the solid state.
42

 This Co seed layer may be operant in 

facilitating normal ALD growth at 180 °C. The lack of film growth using the Co hydrazonate 
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precursor could arise from its higher thermal stability (dec. 260 °C)
98

 compared to 3 (dec. 

235 °C)
42

 and the lack of cobalt metal formation upon its thermal decomposition. Still, the 

process using 3 and formic acid shows self-limiting behavior and a linear relationship between 

film thickness and the number of cycles. Accordingly, the ALD growth mode may be kinetically 

favored over the CVD growth mode upon formation of a continuous Co seed layer. Thus, CVD 

growth may only occur during the initial formation of the Co seed layer by the self-

decomposition of 3. The mechanistic aspects of this process are speculative and require further 

investigation. 

 

3.2.3 Other Metal-containing Films by Three-step Processes 

Encouraged by the effectiveness of 3 as an ALD precursor, other three-step processes 

were considered using 4-7, Cu(dmap)2, and Ni(dmamp)2 with formic acid and 2 as coreagents. 

 

Nickel 

Nickel films were grown using two different precursors, Ni(dmamp)2 and 4, at 150 and 

180 °C, respectively. Both Ni(dmamp)2
176

 and 4
42

 decompose thermally to nickel metal. 

However, in the solid state, Ni(dmamp)2,
176

 4,
42

 and Ni(OCHO)2
313

 are thermally stable to 180, 

230, and 262 °C, respectively. 

First, films were grown using a pulsing sequence of 3.0 s Ni(dmamp)2/5.0 s N2 purge/0.2 

s formic acid/5.0 s N2 purge/1.0 s 2/10.0 s N2 purge. Source temperatures for Ni(dmamp)2, 

formic acid, and 2 were held constant at 95, 23, and 70 °C, respectively. The temperature of the 

reactor was 150 °C. After 1,000 cycles, continuous films were measured on Si(100) (42 nm), Si-

H (24 nm), Ru (30 nm, Figure 123), Pd (32 nm), Co (20 nm, Figure 124), and SiO2 (24 nm).  
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Figure 123. Cross-sectional SEM image of a 30 nm thick film grown on a 5 nm thick Ru 

substrate from Ni(dmamp)2, formic acid, and 2 for 1,000 cycles at 150 °C.  

 

 
 

 

Figure 124. Cross-sectional SEM image of a 20 nm thick film grown on a 5 nm thick Co 

substrate from Ni(dmamp)2, formic acid, and 2 for 1,000 cycles at 150 °C.  
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XPS survey scans of a 32 nm thick film deposited on Pd showed a significant reduction 

in C content with sputtering (Figure 125). After 1 min of sputtering, the Ni content was 51.3% 

with 5.2% Pd detected, suggesting incomplete surface coverage by the Ni film. Further 

sputtering reduced the Ni concentration and increased the Pd/O ratio, due to the increased 

detection of the underlying Pd substrate. Still, after 1 min of sputtering, the Ni 2p ionization 

region showed the exclusive presence of Ni metal (Figure 126). 

 

 

Figure 125. XPS survey scans of a 32 nm thick film grown from Ni(dmamp)2, formic acid, 

and 2  on Pd at 150 °C. 
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Figure 126. XPS Ni 2p ionization region of a 32 nm thick film grown from Ni(dmamp)2, 

formic acid, and 2 on Pd at 150 °C. Reference values for Ni metal: 852.3 and 

869.7 eV; NiO: 853.3 and 871.7 eV.
305

 
 

 

Nickel films were also grown using a pulsing sequence of 6.0 s 4/5.0 s N2 purge/0.2 s 

formic acid/5.0 s N2 purge/1.0 s 2/10.0 s N2 purge. Source temperatures for 4, formic acid, and 2 

were held constant at 128, 23, and 70 °C, respectively. The temperature of the reactor was 

180 °C. After 1,000 cycles, cross-sectional SEM analyses showed rough films on Ru (32 nm, 

Figure 127) and Cu (38 nm), with nanoparticulate growth on Si(100). A top-down perspective 

showed nanoparticulate growth on Cu, with most of the nanoparticles measuring 10–40 nm in 

diameter (Figure 128). XPS analysis showed that the film grown on Ru contained 94.0% Ni, and 

the Ni 2p ionizations were an exact match to Ni metal after 1 min of sputtering (Figures 129–

130). However, a significant reduction in sheet resistivity was only observed for the film 

deposited on a 5 nm Ru/SiO2 substrate (185 ± 24 Ω/□) versus the bare substrate (591 ± 52 Ω/□). 

The powder XRD spectrum of the film deposited on a Cu substrate did not show any reflections 

corresponding to Ni metal, NiO, or Ni2O3. 

845 855 865 875 885 

N
(E

) 

Binding Energy (eV) 

2 min Sputter 

1 min Sputter 

Initial 

Ni ionizations 

NiO ionizations 



137 
 

 

Figure 127. Cross-sectional SEM image of a 32 nm thick film grown on a 5 nm thick Ru 

substrate from 4, formic acid, and 2 for 1,000 cycles at 180 °C. 

 
 

Figure 128. Top-down SEM image of nanoparticulate growth on Cu from 4, formic acid, and 

2 for 1,000 cycles at 180 °C. 
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Figure 129. XPS survey scans of a 32 nm thick film grown from 4, formic acid, and 2 on Ru 

at 180 °C. 

 

 

 

Figure 130. XPS Ni 2p ionization region of a 32 nm thick film grown from 4, formic acid, and 

2 on Ru at 180 °C. Reference 2p binding energies for nickel metal: 852.3 and 

869.7 eV; NiO: 853.3 and 871.7 eV.
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Iron 

Films were grown using a pulsing sequence of 6.0 s 5/5.0 s N2 purge/0.2 s formic acid/5.0 

s N2 purge/1.0 s 2/10.0 s N2 purge. The temperature of the reactor was 225 °C. After 1,000 

cycles, cross-sectional SEM analyses revealed continuous films on Si(100) (24 nm), Ru (30 nm, 

Figure 131), Co (25 nm), and SiO2 (32 nm, Figure 132). Top-down SEM analyses revealed a 

granular morphology on the SiO2 substrates. XPS survey scans of the 30 nm thick film grown on 

Ru showed no N in the as-deposited film and a disappearance of C after 1 min of sputtering 

(Figure 133). After 2 min of sputtering, the Fe/O ratio was 0.85 and the Fe 2p ionization region 

showed peaks between those for Fe metal and Fe2O3, indicating the presence of both species 

(Figure 134). 

Figure 131. Cross-sectional SEM image of a 30 nm thick film grown on a 5 nm thick Ru 

substrate from 5, formic acid, and 2 for 1,000 cycles at 225 °C. 
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Figure 132. Cross-sectional SEM image of a 32 nm thick film grown on SiO2 from 5, formic 

acid, and 2 for 1,000 cycles at 225 °C. 

 

 

Figure 133. XPS survey scans of a 30 nm thick film grown from 5, formic acid, and 2 on Ru 

at 225 °C. 
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Figure 134. XPS Fe 2p ionization region of a 30 nm thick film grown from 5, formic acid, and 

2 on Ru at 225 °C after 2 min of sputtering. Reference values for Fe metal: 706.75 

and 719.95 eV; Fe2O3: 710.70 and 724.30 eV.
305 

 

 

 

Chromium 

Films were grown using a pulsing sequence of 6.0 s 6/5.0 s N2 purge/0.2 s formic acid/5.0 

s N2 purge/1.0 s 2/10.0 s N2 purge. The temperature of the reactor was 225 °C. After 1,000 

cycles, cross-sectional SEM analyses revealed continuous films on Si(100) (55 nm), Ru (38 nm, 

Figure 135), Co (106 nm), and SiO2 (129 nm, Figure 136). Additionally, films were visually 

observed on Si-H, Pd, Pt, Cu, and TiN substrates. XPS survey scans of the 129 nm thick film 

deposited on SiO2 showed a significant reduction in C content with sputtering (Figure 137). 

After 2 min of sputtering, the Cr/O ratio was 2:3, with the Cr 2p ionizations matching those for 

Cr2O3 (Figure 138). However, these peaks were broad, with shoulders overlapping the known 

ionizations for Cr metal. 
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Figure 135. Cross-sectional SEM image of a 38 nm thick film grown on a 5 nm thick Ru 

substrate from 6, formic acid, and 2 for 1,000 cycles at 225 °C. 

 

 
 

Figure 136. Cross-sectional SEM image of a 129 nm thick film grown on SiO2 from 6, formic 

acid, and 2 for 1,000 cycles at 225 °C. 
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Figure 137. XPS survey scans of a 129 nm thick film grown from 6, formic acid, and 2 on 

SiO2 at 225 °C. 
 

 

Figure 138. XPS Cr 2p ionization region of a 129 nm thick film grown from 6, formic acid, 

and 2 on SiO2 at 225 °C after 2 min of sputtering. Reference values for Cr metal: 

574.1 and 583.4 eV; Cr2O3: 576.6 and 586.3 eV.
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Manganese 

Films were grown using a pulsing sequence of 6.0 s 7/5.0 s N2 purge/0.2 s formic acid/5.0 

s N2 purge/1.0 s 2/10.0 s N2 purge. The temperature of the reactor was 225 °C. After 1,000 

cycles, cross-sectional SEM analyses revealed nanoparticulate growth on Ru, Co, and SiO2 

(Figure 139). Top-down perspectives of films grown on Ru and Co showed nanoparticles 

measuring 48–74 and 35–48 nm in diameter, respectively (Figure 140). XPS survey scans of 

material grown on SiO2 showed no N in the as-deposited film and a disappearance of C with 

sputtering (Figure 141). After 2 min of sputtering, the Mn 2p ionization region showed peaks 

between those for Mn metal and MnO2, indicating the presence of both species (Figure 142). 

However, the Mn content never exceeded 10% of the total atomic concentration. 

 

 

Figure 139. Cross-sectional SEM image of nanoparticulate growth on SiO2 from 7, formic 

acid, and 2 for 1,000 cycles at 225 °C. 
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Figure 140. Top-down SEM image of nanoparticulate growth on a 5 nm thick Ru substrate 

from 7, formic acid, and 2 for 1,000 cycles at 225 °C. 

 

 
 

Figure 141. XPS survey scans of nanoparticulate growth from 7, formic acid, and 2 on SiO2 at 

225 °C. 
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Figure 142. XPS Mn 2p ionization region of nanoparticulate growth from 7, formic acid, and 

2 on SiO2 at 225 °C after 2 min of sputtering. Reference values for Mn metal: 

638.8 and 650.05 eV; MnO: 642.2 and 653.9 eV.
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Copper 

An initial attempt toward a binary process using Cu(dmap)2 and 2 did not produce any 

film growth. A three-step pulsing sequence was subsequently applied, consisting of 3.0 s 

Cu(dmap)2/5.0 s N2 purge/0.2 s formic acid/5.0 s N2 purge/1.0 s 2/10.0 s N2 purge. The 

temperature of the reactor was 150 °C. After 1,000 cycles, cross-sectional SEM analyses 

revealed nanoparticulate growth on Si(100), Si-H, Ru, Pd, Cu, Co, SiO2, and TiN substrates. 

Sheet resistivities were not significantly reduced relative to the bare substrates. XPS analysis was 

performed on material grown on the Si-H substrate (Figures 145–146). The Cu 2p ionization 

region showed the presence of Cu metal, with a concentration of 54.9% after 2 min of sputtering. 

In the solid state, Cu(dmap)2 and Cu(OCHO)2 decompose thermally at approximately 175 and 

200 °C,
157

 respectively, setting the upper temperature limit for this process. 
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Figure 143. Cross-sectional SEM image of nanoparticles grown on a 5 nm thick Co substrate 

from Cu(dmap)2, formic acid, and 2 for 1,000 cycles at 150 °C. 

 

 
 

Figure 144. Top-down SEM image of nanoparticles grown on a 5 nm thick Co substrate from 

Cu(dmap)2, formic acid, and 2 for 1,000 cycles at 150 °C. 

 

 
 



148 
 

 

Figure 145. XPS survey scans of nanoparticulate growth from Cu(dmap)2, formic acid, and 2 

on Si-H at 150 °C. 

 

Figure 146. XPS Cu 2p ionization region of nanoparticulate growth from Cu(dmap)2, formic 

acid, and 2 on Si-H at 150 °C after 2 min of sputtering. Reference values for Cu 

metal: 932.4 and 952.2 eV; CuO: 933.6 and 953.6 eV.
305

 

 

0 200 400 600 800 1000 1200 

N
(E

) 

Binding Energy (eV) 

2 min Sputter 
1 min Sputter 
Initial 

Cu 2p3 

O 1s 
N 1s C 1s 

O 2s 
Si 2s 

Cu 3s 

Si 2p3 Cu 3p3 

920 930 940 950 960 

N
 (

E)
 

Binding Energy (eV) 

Cu 2p ionizations 
CuO 2p ionizations 



149 
 

 

3.3 Conclusions 

Herein, the ALD of cobalt metal films has been demonstrated using 3, formic acid, and 2 

as precursors. Subsequently, a full deposition study was performed for the binary process 

employing only 3 and formic acid. A growth rate of 0.95 Å/cycle was observed within a 170–

180 °C window on Ru substrates. Although self-limiting behavior was evident for films grown at 

180 °C, 15−16% of the growth appears to arise from a CVD component due to the partial 

decomposition of 3. The growth rate significantly decreases at ≥ 200 °C, likely due to the 

accelerated thermal self-decomposition of 3.  

Several of these films were carefully analyzed after exposure to air. Films grown on Ru, 

Pt, Pd, and Cu substrates showed very low sheet resistivities within the 165−220 °C temperature 

range, with bulk resistivities of films grown on Ru substrates approaching that of bulk cobalt 

metal.
312 

Microscopic analyses showed granular morphologies with very smooth surfaces. Lattice 

fringes were observed for a Co film deposited on a TEM grid at 180 °C, diagnostic of crystalline 

material. Reflections consistent with Co metal were observed by powder XRD, while XPS 

analysis showed the exclusive presence of Co metal after 2 min of sputtering and 91.6% Co 

content after 8 min of sputtering. This approach demonstrates the ALD of high-quality Co metal 

films that overcomes the limitations of previously-reported Co ALD processes, including low 

growth rates,
36,39

 growth temperatures that are well above the precursor decomposition 

temperatures,
31,36,38,136–138

 no demonstration of self-limited ALD growth,
143

 and variable, high 

resistivities of the Co films.
136–138

 Application of the initial three-step approach using a variety of 

first-row transition metal diazabutadienyl and alkoxide complexes with formic acid and 2 as 

coreagents afforded films of Ni metal, Fe/Fe2O3, and Cr2O3, along with particulate growth of 

Mn/MnO and Cu metal.  
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3.4 Experimental 

General Considerations. All manipulations were carried out under Ar using either 

Schlenk or glove box techniques. All glassware was oven-dried at ≥ 150 °C prior to use. 

Tetrahydrofuran was distilled from sodium benzophenone ketyl and sodium metal. Toluene was 

distilled from sodium metal. Hexanes was distilled from P2O5. All chemicals were obtained from 

Sigma Aldrich. NiCl2·MeCN,
316

 
t
Bu2DAD,

317
 2,

309
 3–7,

42
 Cu(dmap)2,

318–319
 and 

Ni(dmamp)2
169,320

 were synthesized according to published procedures. 
1
H and 

13
C{

1
H} NMR 

spectra were obtained at 400 and 100 MHz respectively, and were referenced to the residual 

proton and the 
13

C resonances of the solvent. Sublimations were performed using either a Büchi 

B-580 or Büchi B-585 sublimation oven. CV experiments were performed as described in 

Chapter 2. 

Film Growth Studies. A Picosun Oy R-75BE ALD reactor was used for thin film 

deposition experiments. A Texol GeniSys N2 generator supplied 99.9995% N2 as both the carrier 

and purge gas. An Adixen 2033 C2 oil pump was used to maintain a pressure of 6–10 mbar in 

the reactor while under a constant N2 flow. Films were grown on 10 nm Ru/2 nm TaN/100 nm 

SiO2/Si, 5 nm Ru/85 nm SiO2/Si, 5 nm Co/85 nm SiO2/Si, 15 nm Pt/2 nm Ta/100 nm SiO2/Si, 10 

nm Pd/2 nm Ta/100 nm SiO2/Si, 10 nm Cu/3 nm Ta/Si, 100 nm SiO2/Si. All substrates were 

provided by Applied Materials (Sunnyvale, CA). Data for the ALD study using 3 and formic 

acid were obtained from films grown on 1 cm
2
 Ru/TaN/SiO2/Si substrates. This substrate had a 

Ru/TaN layer of 12 ± 4 nm with an underlying SiO2 layer of 93 ± 7 nm. Formic acid was 

delivered by bubbler at 23 °C at the reactor pressure. Compounds 3-7 were delivered by solid 

state booster at 128.0 ± 1.0 °C. Cu(dmap)2 and Ni(dmamp)2 were delivered by booster at 95.0 ± 

1.0 °C. Compound 2 was delivered by bubbler at 70 °C at the reactor pressure. Precursor pulse 
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lengths were varied to determine the degree of surface saturation. The substrate temperature was 

subsequently varied using saturative doses of the precursors. Films were cooled to ≤ 30 °C prior 

to removal from the reactor and exposure to ambient atmosphere.   

Powder XRD analyses of chemical samples along with SEM and XPS analyses of films 

were performed as described in Chapter 2. Powder XRD analyses of films were performed with a 

Bruker D8 ADVANCE DAVINCI diffractometer, using copper Kα radiation (1.54056 Å) at 40 

kV and 40 mA. Crystalline phases were identified by comparing the experimental spectrum with 

the powder diffraction files of the International Center of Diffraction Data using the Jade 5.0 

software package. Crystallite sizes were calculated from the most intense reflection, using the 

Scherrer equation with the Jade 5.0 software package. AFM micrographs were obtained with a 

MultiMode Nanoscope IIIa atomic force microscope (Digital Instruments, VEECO). The 

samples were measured using the tapping mode in air with an E scanner with a maximum 

scanning size of 12 μm at a frequency of 1 or 2 Hz. A Tap150AI-G tip was used, with a 

resonance frequency of 150 kHz and a force constant of 5 Nm
–1

. Surface roughnesses were 

calculated as RMS values. TEM analysis was performed using a JEOL 2010 transmission 

electron microscope at 200 keV accelerating voltage. Sheet resistivity measurements were 

obtained using a Jandel 4-point probe in combination with a Keithley 2400 SourceMeter and a 

Keithley 2182A Nanovoltmeter. Bulk resistivity was calculated as the product of sheet resistivity 

and film thickness. All reported resistivity values are the average of 6 or more measurements ± 

the standard deviation. All films passed the Scotch tape test.  



152 
 

 

CHAPTER 4 

 

Evaluation of Mg(II), Al(III), Ti(IV), Zn(II), and Zr(IV) Bis(1,4-di-tert-butyl-1,3- 

diazabutadienyl) Complexes as Precursors for Atomic Layer Deposition 
 
 
 

4.1 Introduction 

The redox non-innocent nature of the α-diimine ligand enables a neutral, monoanion, or 

dianion form (Chart 12), depending on the charge of the coordinated cation.
42,321

 Complexes of 

this class are well-documented for the Cr(II),
322

 Mn(II),
323

 Fe(II),
324

 Co(II),
80

 and Ni(II)
325

  

cations. Recently, Winter reported a set of complexes using the 1,4-di-tert-butyl-1,3-

diazabutadienyl ligand as precursors for CVD and ALD.
42

 These M(
t
Bu2DAD)2 complexes (M = 

Co (3), Ni (4), Fe (5), Cr (6), Mn (7)) self-decompose to metal and present a linear relationship 

between the thermal decomposition temperature and the reduction potential of the respective 

cation.
42

 Such a ligand-to-metal electron transfer process suggests the utility of these compounds 

as CVD precursors. Also, as proposed in Chapter 3, this decomposition pathway may be useful 

in providing a seed layer for ALD growth. Consequently, further attention is warranted toward 

similar compounds as potential ALD precursors. Herein, the electronic structure and thermal 

properties are described for previously-reported M(
t
Bu2DAD)2 complexes (M = Mg (8),

326
 Ti 

(9),
327

 Zn (10),
326

 Zr (11),
328

 Al (12)),
329

 along with the novel Al(
t
Bu2DAD)Cl2 (13). 

 

Chart 12. Three forms of the redox non-innocent α-diimine ligand: (a) neutral ligand, (b) 

radical monoanion, (c) dianion. 
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4.2 Results and Discussion 

Synthesis. Treatment of anhydrous metal chlorides (MClx, M = Mg, Ti, Zn, Zr) with two 

equivalents of 
t
Bu2DAD and X equivalents of lithium metal afforded complexes of the formula 

M(
t
Bu2DAD)2 as black-red (8), black-red (9), brown-green (10), and orange (11) powders 

(Figure 147). The attempted synthesis of a novel five-coordinate Al(
t
Bu2DAD)2Cl compound 

employed the treatment of anhydrous AlCl3 with two equivalents of 
t
Bu2DAD and two 

equivalents of lithium metal. Instead, a mixture of Al(
t
Bu2DAD)2 as green (12) and 

Al(
t
Bu2DAD)Cl2 as black-orange (13) powders were produced. Sublimation of the crude 

materials yielded air-sensitive crystalline products. Compound 13 is a monomer, as are the 

related monomeric complexes FeCl3(
t
Bu2DAD),

330a
 CoCl2(

t
Bu2DAD),

330b
 and 

NiBr2(
t
Bu2DAD),

330c
 which differ from the dimer Ti(

t
Bu2DAD)Cl2.

327
 The formation of 12 by 

this method requires the reduction of one equivalent of the 
t
Bu2DAD monoanion to a dianionic 

state, highlighting the ability of this ligand to participate in electron transfer processes. It is not 

possible to prepare Cu(II)
 
or Cu(I) complexes containing 

t
Bu2DAD ligands, as the reduction 

potentials for these ions (Cu(II): 0.342 V, Cu(I): 0.521 V)
41

 result in the spontaneous self-

reduction to Cu metal.
42

 By contrast, the attempted synthesis of Ti(II)(
t
Bu2DAD)2 from TiCl2 

resulted in the self-oxidation of Ti(II) to Ti(IV) and the concurrent reduction of the 
t
Bu2DAD 

ligands from monoanions to dianions, as determined from bond length measurements of a low-

resolution crystal structure. 

 

Figure 147. Synthesis of metal diazadienyl complexes. 
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The effect of the ligand oxidation state on electron shielding can be observed by 

comparing the proton shifts of the 
t
Bu2DAD ligand with the diamagnetic complexes 4, 9, and 11. 

The signals for the imine proton of 9 and 11 are shifted to higher field relative to the neutral 

ligand (Figure 148), and are in good agreement with NMR data from other dianionic diimine 

ligands.
293

 By contrast, the imine proton of 4 shows a downfield shift due to proton deshielding. 

Figure 149 shows the deshielding of the tert-butyl protons of 4, 9, and 11 relative to the 

t
Bu2DAD ligand. 

 

Figure 148. 
1
H NMR spectra of the ligand backbone (imine) proton for diamagnetic 

t
Bu2DAD 

complexes. 

 

 

 

Figure 149. 
1
H NMR spectra of the tert-butyl proton for diamagnetic 

t
Bu2DAD complexes. 
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Structural Aspects. An X-ray crystal structure was determined for the novel compound 

13 (Figure 150). The ligand framework contains a carbon-carbon bond of 1.395 Å and nitrogen-

carbon bonds of 1.334–1.345 Å (Table 11). These lengths are intermediate to those expected for 

single or double bonds, and are thus diagnostic of the radical anion form of the 
t
Bu2DAD ligand. 

The calculated density of 13 was 1.227 g/cm
3
. X-ray crystal structures were previously reported 

for 8,
326

 10,
326

 and 12.
329

 Herein, structures were determined for 8, 9, and 12, with calculated 

crystalline densities of 1.020, 1.535, and 1.188 g/cm
3
, respectively. Analysis of 9 revealed 

metallic dark black-red coxcomb crystals, however, the structure was of very low resolution. The 

structure of 11 has not been previously reported, and attempts to solve it herein were 

unsuccessful. 

 

Figure 150. Perspective view of 13 with thermal ellipsoids at the 50% probability level. 
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Table 11. Crystal data, collection parameters, bond lengths (Å) and angles (°) for 13. 

 

 

Chemical formula C10H20AlCl2N2 

 

Al1-N1 1.8712(15) 

 Formula weight 266.16 

 

Al1-N2 1.8748(16) 

Crystal size (mm) 0.111 × 0.263 × 0.374 

 

Al1-Cl1 2.1284(4) 

Crystal habit clear dark black-orange prism 

 

N1-C2 1.482(2) 

 Crystal system monoclinic 

 

N1-C7 1.345(2) 

 Space group P 1 21 1 

 

N2-C3 1.489(2) 

 a (Å) 7.0771(3) 

 

N2-C6 1.334(2) 

 b (Å) 10.0638(5) 

 

C1-C2 1.523(3) 

 c (Å) 10.4824(4) 

 

C2-C8 1.5262(18) 

 α (°) 90 

 

C3-C4 1.521(3) 

β (°) 105.220(2) 

 

C3-C5 1.5157(19) 

γ (°) 90 

 

C6-C7 1.395(3) 

 V (Å
3
) 720.40(5) 

    Z 2 

 

N1-Al1-N2 89.20(7) 

 T (K) 100(2) 

 

N1-Al1-Cl1 114.03(3) 

 λ (Å) 0.71073 

 

N2-Al1-Cl1 113.87(3) 

 ρcalcd (g∙cm
-3

) 1.227 

 

Cl1-Al1-Cl1 110.49(3) 

μ (mm
-1

) 0.486 

 

C2-N1-Al1 131.61(12) 

R1 (%) 3.29 

 

C7-N1-Al1 107.75(12) 

wR2 7.56 

 

C3-N2-Al1 131.82(12) 

   

C6-N2-Al1 108.12(12) 

 R(F) = Σ||Fo|–|Fc||/ Σ|Fo| 
 

Rw(F)
2
 = [Σw(Fo

2
–Fc

2
)
2
/ Σw(Fo

2
)
2
]

1/2
 for I > 2σ(I) 

  

Volatility, Thermal Stability, and Electronic Structure. The physical properties of 8–

13 were studied by preparative sublimation experiments, melting point/solid state thermal 

decomposition measurements, and magnetic moment measurements. Sublimed recoveries of 8–

13 were 82.0–92.3%, with nonvolatile residues ≤ 5.6%. The air-sensitive nature of 8–13 required 

the use of an argon-filled glove box, hampering attempts to maximize product isolation. Melting 

points were in reasonable agreement with the literature for 8 (143 °C reported) and 10 (140 °C 

reported).
326

 By contrast, melting points were found to be considerably higher than literature 

values for 11 (148 °C reported)
328

 and 12 (187 °C reported).
329

 Attempts were made to determine 

the solid state decomposition temperatures of 8–13. Winter demonstrated a linear relationship 
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between the thermal decomposition temperature and the M(II)→M(0)
 
reduction potential for 3–

7.
42

 Surprisingly, 10 was observed to commence decomposition at 235 °C, well below the 

286 °C proposed by this model for Zn(II)→Zn(0) (E° = –0.7926 V).
41 

The remaining compounds 

exhibit a very gradual color change upon heating, preventing an accurate determination of their 

decomposition temperatures. The silver-grey decomposition products obtained by heating 9 and 

10 in sealed capillary tubes were mounted in a single crystal diffractometer; no evidence of metal 

was found for either sample. The lack of metal upon thermal decomposition of 9 and 10 coupled 

with the lack of well-defined decomposition temperatures for 8–9 and 11–13 suggest that 

decomposition may occur by a pathway other than reduction from ligand-to-metal electron 

transfer. This is may be due to the lack of d-electrons in complexes containing Mg(II), Ti(IV), 

Zn(II), Zr(IV), and Al(III) cations. By contrast, the 
t
Bu2DAD radical anions exhibit 

antiferromagnetic coupling to d-electrons in the mid-to-late first-row transition metal complexes 

3–7. Additionally, the reduction potentials of Mg, Ti, Zr, and Al are extremely negative (Table 

12), thus, other decomposition pathways may be more energetically favorable. 

 

Table 12. Electrochemical potentials of metals used in 8–13.
41

 

Reaction E°(V) 

Mg(II) + 2e
–
 ↔ Mg(0) –2.372 

Ti(II) + 2e
–
 ↔ Ti(0) –1.631 

Zn(II) + 2e
–
 ↔ Zn(0) –0.7926 

Zr(IV) + 4e
–
 ↔ Zr(0) –1.45 

Al(III) + 3e
–
 ↔ Al(0) –1.676 

 

Solid state magnetic moment data suggest two radical anion ligands in 8 and 10. 

Compound 12 contains one radical anion ligand and one dianion ligand, while 13 contains a 

single radical anion ligand, in good agreement with crystal structure bond length measurements. 

Compounds 9 and 11 each possess two dianion ligands, with no unpaired electrons for detection. 
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Table 13. Preparative sublimation data, melting point, solid state decomposition temperature, 

and magnetic moment data for 8–13. 

 
Prep. Subl. 

(°C/0.05 Torr) 

Recovered 

(%) 

Non-volatile 

Residue (%) 

Melting 

Point 

(°C) 

Decomp. 

(°C) 

Solid State 

Magnetic Moment (μB) 

Observed   Expected 

8 110 82.0 1.1 143–144 -------- 2.83 2.83 

9 120 88.6 2.0 129–132 -------- n/a n/a 

10 115 91.1 0.4 135–137 235–245 2.81 2.83 

11 110 89.7 1.0 175–178 -------- n/a n/a 

12 125 92.3 2.9 196–201 -------- 1.74 1.73 

13 105 88.9 5.6 157–158 -------- 1.75 1.73 
 

 

 

4.3 Conclusions 

Compounds 8–13 were evaluated as potential ALD precursors. These compounds were 

synthesized by a salt metathesis approach as a convenient alternative to previously-described 

methods using metal vapor
329

 or Rieke metals.
326

 All sublime at low temperatures (≤ 125 °C/0.05 

Torr) with little non-volatile residue remaining. Complex 10 is a promising ALD precursor, as it 

sublimes without residue and is thermally stability to ~235 °C. By contrast to their mid-to-late 

transition metal analogues,
42

 8–13 appear to decompose by a pathway other than reduction from 

ligand-to-metal electron transfer. The novel compound 13 is a monomer in the solid state. 

Magnetic moment data confirm the expected forms of the 
t
Bu2DAD ligand for paramagnetic 

complexes 8, 10, 12, and 13. 
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4.4 Experimental 

General Considerations. All manipulations were carried out under argon using either 

Schlenk or glove box techniques. All glassware was oven-dried at ≥ 150 °C prior to use.  

Tetrahydrofuran and diethyl ether were distilled from sodium benzophenone ketyl and sodium 

metal. Hexanes was distilled from P2O5. All chemicals were obtained from Sigma Aldrich or 

Alpha Aesar and used as received. 1,4-di-tert-butyl-1,3-diazabutadiene was prepared according 

to a literature procedure.
317

 

 1
H and 

13
C{

1
H} NMR spectra were obtained at 400 and 100 MHz respectively, and were 

referenced to the residual proton and the 
13

C resonances of the solvent. Melting points and 

decomposition temperatures were determined using an Electrothermal (45 W) melting point 

apparatus and are uncorrected; each sample was prepared as described in Chapter 2. Data are 

reported as the average of a minimum of 3 measurements. Infrared spectra were obtained on a 

Shimadzu IRAffinity-1 spectrometer with a MIRacle 10 single reflection ATR accessory, using 

mineral oil as the medium. Magnetic moments were determined in the solid state using a Johnson 

Mathey MSB-1 magnetic susceptibility balance. Sublimations were performed using either a 

Büchi B-580 or Büchi B-585 sublimation oven. Preparative sublimation experiments used 0.5–

1.0 g samples at 0.05 Torr and were performed as described in Chapter 2. The temperature was 

adjusted such that each sublimation experiment was completed in less than three hours. Single-

crystal X-ray structures were obtained using a Bruker D8 single crystal diffractometer. The 

frames were integrated with the Bruker SAINT software package using a narrow-frame 

algorithm. The structures were solved and refined using the Bruker SHELXL-2013 (Sheldrick, 

2013) software package. 

 



160 
 

 

Preparation of Bis(1,4-di-tert-butyl-1,3-diazabutadienyl)magnesium (II) (8). 

A 100 mL Schlenk flask, equipped with a magnetic stir bar and a rubber septum, was charged 

with 
t
Bu2DAD (2.037 g, 12.111 mmol) and THF (40 mL). Lithium metal pellets (0.085 g, 12.248 

mmol) were slowly added at ambient temperature, and the resultant dark red-brown solution was 

stirred for 18 h. This solution was then added by cannula over a period of 10 min to a stirred 

suspension of anhydrous MgCl2 (0.567 g, 5.955 mmol) in THF (40 mL) at –78 °C. The resultant 

dark brown solution was stirred for 72 hr at ambient temperature, turning dark green after 15 min. 

The volatile components were removed under reduced pressure. Dark black-red crystals of 8 

were obtained by sublimation at 110 °C/0.05 Torr (0.658 g, 30%): mp 143–144 °C (reported: 

143 °C);
326

 IR (mineral oil, cm
-1

) 2121 (w), 2054 (w), 1835 (w), 1742 (m), 1691 (m), 1645 (m), 

1544 (m), 1529 (m), 1514 (m), 1463 (m), 1423 (m), 1392 (m), 1361 (m), 1255 (m), 1209 (s), 

1023 (w), 931 (w), 771 (m); μeff = 2.83 μB in the solid state. 

Preparation of Bis(1,4-di-tert-butyl-1,3-diazabutadienyl)titanium(IV) (9). 

A 100 mL Schlenk flask, equipped with a magnetic stir bar and a rubber septum, was charged 

with 
t
Bu2DAD (5.470 g, 32.521 mmol) and THF (70 mL). Lithium metal pellets (0.465 g, 67.003 

mmol) were slowly added at ambient temperature, and the resultant solution was stirred for 18 h. 

This solution was then added by cannula to a stirred solution of anhydrous TiCl4 (2.820 g, 

14.867 mmol) in hexanes (30 mL). The resultant solution was stirred for 24 h at ambient 

temperature. The volatile components were removed under reduced pressure and the resultant 

crude material was dissolved in hexanes (70 mL). The solution was filtered through a 1-inch pad 

of Celite on a coarse glass frit, followed by removal of hexanes under reduced pressure. Dark 

black-red crystals of 9 were obtained by sublimation at 120 °C/0.05 Torr (4.305 g, 75%): mp 

129–132 °C; IR (mineral oil, cm
-1

) 1474 (w), 1392 (m), 1359 (m), 1217 (s), 1151 (m), 1102 (w), 
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1060 (w), 1021 (w), 939 (w), 864 (m), 812 (m), 777 (m); 
1
H NMR (400 MHz, C6D6, 23 °C, δ) 

5.81 (s, 4H, CH), 1.26 (s, 36H, C(CH3)3); 
13

C{
1
H} NMR (400 MHz, C6D6, 23 °C, ppm) 102.29 

(s, CH), 58.40 (s, C(CH3)3), 32.05 (s, C(CH3)3). 

Preparation of Bis(1,4-di-tert-butyl-1,3-diazabutadienyl)zinc(II) (10). 

A 100 mL Schlenk flask, equipped with a magnetic stir bar and a rubber septum, was charged 

with 
t
Bu2DAD (5.000 g, 29.727 mmol) and THF (30 mL). Lithium metal pellets (0.207 g, 29.827 

mmol) were slowly added at ambient temperature, and the resultant solution was stirred for 18 h. 

This solution was then added by cannula to a stirred suspension of ZnCl2 (2.030 g, 14.892 mmol) 

in THF (20 mL). The resultant dark green solution was stirred for 24 h at ambient temperature. 

The volatile components were removed under reduced pressure. Dark brown-green crystals of 10 

were obtained by sublimation at 115 °C/0.05 Torr (5.264 g, 88%): mp 135–137 °C (reported: 

140 °C);
326

 IR (mineral oil, cm
-1

) 2124 (w), 1699 (m), 1681 (m), 1651 (m), 1558 (m), 1539 (m), 

1521 (m), 1508 (m), 1473 (m), 1454 (m), 1361 (m), 1255 (m), 1211 (s), 1041 (w), 1016 (w), 936 

(w), 767 (m); μeff = 2.81 μB in the solid state. 

Preparation of Bis(1,4-di-tert-butyl-1,3-diazabutadienyl)zirconium(IV) (11). 

A 100 mL Schlenk flask, equipped with a magnetic stir bar and a rubber septum, was charged 

with 
t
Bu2DAD (3.061 g, 18.199 mmol) and diethyl ether (30 mL). Lithium metal pellets (0.297 g, 

42.795 mmol) were slowly added at ambient temperature, and the resultant solution was stirred 

for 18 h. This solution was then added by cannula to a stirred suspension of anhydrous ZrCl4 

(1.638 g, 7.029 mmol) in diethyl ether (20 mL). The resultant rust-brown solution was stirred for 

72 h at ambient temperature. The volatile components were removed under reduced pressure. 

Dark orange crystals of 10 were obtained by sublimation at 110 °C/0.05 Torr (1.094 g, 37%): mp 

175–178 °C (reported: 148 °C);
328

 IR (mineral oil, cm
-1

) 1560 (w), 1518 (w), 1457 (w), 1386 (m), 
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1357 (m), 1244 (m), 1215 (s), 1130 (s), 1088 (w), 1059 (w), 1014 (w), 974 (w), 941 (m), 866 (s), 

807 (w), 763 (s); 
1
H NMR (400 MHz, C6D6, 23 °C, δ) 5.71 (s, 4H, CH), 1.24 (s, 36H, C(CH3)3); 

13
C{

1
H} NMR (400 MHz, C6D6, 23 °C, ppm) 104.21 (s, CH), 56.42 (s, C(CH3)3), 32.11 (s, 

C(CH3)3). 

Preparation of Bis(1,4-di-tert-butyl-1,3-diazabutadienyl)aluminum(III) (12) and  

1,4-Di-tert-butyl-1,3-diazabutadienyl-dichloroaluminum(III) (13). 

A 100 mL Schlenk flask, equipped with a magnetic stir bar and a rubber septum, was charged 

with 
t
Bu2DAD (4.973 g, 29.566 mmol) and diethyl ether (40 mL). Lithium metal pellets (0.221 g, 

31.844 mmol) were slowly added at ambient temperature, and the resultant dark brown solution 

was stirred for 18 h. This solution was then added by cannula to a stirred suspension of 

anhydrous AlCl3 (1.987 g, 14.902 mmol) in diethyl ether (20 mL). The resultant dark green 

solution was stirred for 18 h at ambient temperature. The volatile components were removed 

under reduced pressure. Dark black-orange crystals of 13 were obtained by sublimation at 

105 °C/0.05 Torr (1.282 g, 32%): mp 157–158 °C; IR (mineral oil, cm
-1

) 1527 (w), 1469 (m), 

1454 (m), 1392 (w), 1369 (s), 1330 (m), 1263 (w), 1197 (s), 1062 (w), 964 (m), 840 (w), 781 (s); 

μeff = 1.75 μB in the solid state. Green crystals of 12 were obtained by sublimation at 125 °C/0.05 

Torr (1.300 g, 24%): mp 196–201 °C (reported: 187 °C);
329

 IR (mineral oil, cm
-1

) 1739 (w), 1699 

(m), 1678 (m), 1651 (m), 1558 (m), 1539 (m), 1514 (m), 1473 (m), 1454 (m), 1361 (m), 1253 

(m), 1220 (s), 1197 (s), 1095 (s), 1035 (w), 985 (m), 952 (w), 785 (m); μeff = 1.74 μB in the solid 

state.  
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CHAPTER 5 

Unusual Stoichiometry Control in the Atomic Layer Deposition of  

Manganese Borate Films from Manganese Bis(tris(pyrazolyl)borate) and Ozone 

 

 

5.1 Introduction 

Metal borates are constituents in nonlinear optical crystals.
331

 The bonding structure of 

the boron atoms has a strong effect on nonlinear (second-order) optical behavior.
332

 β-BaB2O4 is 

a frequency-doubling, second harmonic generating (SHG) material of visible and near IR laser 

light.
333

 It is one of only a few SHG materials for use below 500 nm.
333

 Thin films of β-BaB2O4 

are used in optical devices such as frequency converters, waveguides, and switches.
333 

Recently, 

first-row transition metal borates have emerged as oxygen evolution catalysts,
334

 cathode 

materials in lithium ion batteries,
288

 catalysts for H2 production by hydrolysis of sodium 

borohydride,
335

 and superhydrophilic films.
336

  

For many applications, metal borates need to be grown as thin films on various substrates. 

Thin films of cobalt borate and nickel borate were electrodeposited from solutions of the metal 

ions in the presence of borate buffers,
334

 while nanowhiskers of Ni3(BO3)2 were grown on nickel 

substrates by a molten salt method.
336

 Metal borate thin film growth by gas phase processes is 

complicated by the high vapor pressure of B2O3, which often makes it difficult to control the 

metal/boron ratios in the thin films. As an example, BaB2O4 films were grown by DLI-CVD 

from an organic solution containing Ba(tmhd)2(tetraglyme) and Ba(O
i
Pr)3, with O2 and N2O as 

the oxidizer gases.
337

 Film growth was achieved between 640 and 840 °C, but a 1.0:2.5 Ba:B 

precursor stoichiometry was required to obtain BaB2O4 films. Thin films of Mg2B2O5
338a

 and β-

BaB2O4
338b

 were grown by CVD using MgTp2 and [BaTp2]2
339a

 (Tp = tris(pyrazolyl)borate), 

respectively, at 750–900 °C with O2 as the coreagent. The Tp ligands provided the boron atoms, 
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however, the 2:1 boron:metal stoichiometry in MgTp2 was not retained in the Mg2B2O5 film.
338a

 

B2O3 is known to volatilize from borate films at ~400 °C, above which it is postulated that the 

film favors the composition of greatest thermodynamic stability.
339b–d

 The ALD of MB2O4 films 

(M = Ca, Sr, Ba) was subsequently reported between 250 and 400 °C using CaTp2, SrTp2, and 

BaTp
Et2

2 as the metal and boron precursors and water as the oxygen source.
339b–d

 Very 

significantly, the 2:1 boron/metal ratio in the precursors was retained in the MB2O4 films, 

thereby providing a potentially general method for controlling the stoichiometry in borate thin 

films.
339b–d

 ALD growth from bimetallic precursors does not typically replicate the exact 

precursor stoichiometries in the resultant films.
340

 Thus, given the increasing importance of first-

row transition metal borates,
288,334–336

 the application of transition metal MTp2 precursors for the 

ALD of thin films warrants further exploration.  

The thermal properties of MTp2 (M = Mn (14), Fe (15), Co (16), Ni (17), Cu (18), Zn 

(19)) were recently investigated.
341

 These compounds are thermally-stable to 290–370 °C.  

Preparative sublimations (200–210 °C/0.05 Torr) showed ≥ 98.8% recovery with no residue for 

14–17 and 19, and 86.5% recovery with 7.3% residue for 18.
341

  Compounds 14 and 16 have 

solid state decomposition temperatures of 370 and 340 °C,
341 

respectively, and are promising 

candidates for ALD precursors.   

 

5.2 Results and Discussion 

5.2.1 Mn3(BO3)2 Films from Bis(tris(pyrazolyl)borate)Mn(II) and Ozone 

TGA/DTA analyses of 14 showed a single-step weight loss (blue) overlapping the sole 

endotherm (red) from 240–315 °C (Figure 151). Consistent with the reported preparative 

sublimation data,
341

 no remaining residue was detected. 
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Figure 151. TGA/DTA analyses of 14. 

 

Films were grown on Si(100) substrates with a native oxide layer. Saturation was 

determined by varying the length of one precursor pulse while keeping the other fixed at a 

saturative dose for 2,000 cycles. Figure 152 shows the dependence of growth rate (blue) and 

consumption rate of 14 (black) on the pulse length of 14, using 5.0 s ozone pulses. Figure 153 

shows the dependence of growth rate on ozone pulse length, using 5.0 s pulses of 14. Self-

limited growth was achieved using a pulsing sequence of 5.0 s 14/5.0 s N2 purge/5.0 s ozone/5.0 

s N2 purge, with a measured growth rate of 0.18 Å/cycle at 325 °C. The effect of substrate 

temperature on film growth was subsequently investigated. A constant growth rate of 0.18 

Å/cycle was observed between 300–350 °C. A plot of thickness versus number of cycles was 

linear, with a growth rate of 0.194 Å/cycle. The y-intercept was –3.827 nm, suggesting efficient 

nucleation. Films deposited within the 300–350 °C window were non-conductive and showed 

good adhesion to the Si(100) substrate, passing the Scotch tape test. 
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Figure 152. Saturation plot of 14 using 5.0 s pulses of ozone at 325 °C. The secondary axis 

shows the consumption rate of 14 as a function of the pulse length of 14. 

 

 

 

Figure 153. Saturation plot of ozone using 5.0 s pulses of 14 at 325 °C. 
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Figure 154. Plot of growth rate versus temperature using 5.0 s pulses of 14 and 5.0 s pulses of 

ozone for 2,000 cycles. 

 

Figure 155. Plot of film thickness versus number of ALD cycles using 14 and ozone at 325 °C. 

Images below the x-axis show magnified regions of each film from a single 

photograph taken of all films. 
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Microscopic techniques were used to analyze the films. Cross-sectional measurements by 

SEM revealed uniform films on the Si(100) substrates (Figure 156). The surface morphology 

was then quantified by AFM (Figure 157). Films grown at 300 and 325 °C showed RMS surface 

roughnesses of 0.417–0.463 nm, while the film grown at 350 °C was slightly rougher, with RMS 

values of 0.561 and 0.534 nm for the 3 and 5 μm
2
 regions, respectively (Table 14). Accordingly, 

the film surfaces are very smooth. 

 

Figure 156. Cross-sectional SEM image of a 56 nm thick film grown on Si(100) from 14 and 

ozone for 3,000 cycles at 325 °C.  

 

 

 

Figure 157. AFM images of 3 μm
2
 regions of films grown from 14 and ozone on Si(100) for 

2,000 cycles: (a) 300 °C, (b) 325 °C, (c) 350 °C. 

         

(a) (b) (c) 
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Table 14. Surface roughnesses measured by AFM of films grown from 14 and ozone at 300, 

325, and 350 °C for 2,000 cycles. Measurements were taken from 3 and 5 μm
2 

areas.  

Deposition Temperature (°C) Film Thickness (nm) RMS Roughness (nm) 

  3 μm
2
 5 μm

2
 

300 35 ± 2.2 0.463 0.417 

325 36 ± 3.2 0.441 0.428 

350 36 ± 2.4 0.561 0.534 

 

A 36 nm thick film deposited at 325 °C showed no reflections by powder XRD, 

indicating amorphous material. Identical films grown at 325 °C were annealed under either N2 or 

O2 atmospheres at 100 °C increments from 400–1100 °C for one hour at each temperature. Films 

remained amorphous after annealing, not matching any known phases for MnxByOz compositions. 

Figures 158–159 show the powder XRD spectrum of the as-deposited film (purple trace), along 

with the spectra of the films after annealing under either N2 or O2 atmospheres at 500, 800, and 

1100 °C.  

 

Figure 158. Powder XRD spectra of a 36 nm thick film grown from 14 and ozone on Si(100) 

for 2,000 cycles at 325 °C. The film was annealed under an N2 atmosphere. 
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Figure 159. Powder XRD spectra of a 36 nm thick film grown from 14 and ozone on Si(100) 

for 2,000 cycles at 325 °C. The film was annealed under an O2 atmosphere. 

 

 

Compositional analyses were performed on 35–36 nm thick films grown within the 300–

350 °C ALD window. XPS survey scans revealed carbon and nitrogen contamination in the as-

deposited films which were below the detection limits (< 0.5%) after 1 min of argon ion 

sputtering. After 2 min of sputtering, films grown at 300, 325, and 350 °C showed atomic 

compositions of Mn1.87B2O4.24, Mn1.76B2O4.35, and Mn1.82B2O4.47, respectively. However, these 

data likely have high uncertainties due to the small ionization cross sections of boron and oxygen. 

The high-resolution spectra of the B 1s and Mn 2p ionization regions were identical for all films 

after 2 min of sputtering, implying that the oxidation states of boron and manganese do not 

change within the ALD window.  

TOF-ERDA was performed to obtain more precise stoichiometries. Films grown at 300, 

325, and 350 °C afforded compositions of Mn2.58B2O6.75, Mn3.02B2O7.75, and Mn2.65B2O6.98, 

respectively (Figures 165–167). Among various known borates, these values are closest to 

Mn3(BO3)2.
288c

 The films contained significant carbon (C0.21–0.26 versus B1.00) and hydrogen 

(H0.90–1.09 versus B1.00), however, the concentrations of these elements decreased deeper in the 
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films. Consistent with the XPS data, these impurities likely correspond to weakly-bound surface 

hydrocarbon species. Additionally, TOF-ERDA data show that the surfaces of the films have 

greater manganese content, with similar surface densities observed for all films (~300 × 10
15

 

at./cm
2
). 

 

Table 15. XPS atomic concentrations (at.%) of 35–36 nm thick films grown from 14 and 

ozone on Si(100) after 2 minutes of sputtering. 
 

Deposition 

Temperature (°C) 
% Mn % B % O % C % N 

300 22.9 24.5 52.0 0.3 0.3 

325 21.5 24.5 53.4 0.3 0.3 

350 21.8 23.9 53.4 0.4 0.5 

 

 

 

Figure 160. XPS survey scans of a 35 nm thick film grown from 14 and ozone on Si(100) at 

300 °C. 
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Figure 161. XPS survey scans of a 36 nm thick film grown from 14 and ozone on Si(100) at 

325 °C. 

 

 

 

 

Figure 162. XPS survey scans of a 36 nm thick film grown from 14 and ozone on Si(100) at 

350 °C. 
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Figure 163. XPS B 1s ionization region of 35–36 nm thick films grown from 14 and ozone on 

Si(100) after 2 min of sputtering. 

 

Figure 164. XPS Mn 2p ionization region of 35–36 nm thick films grown from 14 and ozone 

on Si(100) after 2 min of sputtering. Reference 2p binding energies for Mn metal: 

638.8 and 650.05 eV; MnO: 642.2 and 653.9 eV.
305

 

 
 

 

Table 16. TOF-ERDA atomic concentrations (at.%) of 35–36 nm thick films grown from 14 

and ozone on Si(100). 
  

Deposition 

Temperature (°C) 
% Mn % B % O % C % H 

300 18.8 ± 0.6 14.6 ± 0.4 49.3 ± 0.7 3.8 ± 0.7 13.6 ± 2 

325 19.5 ± 0.6 12.9 ± 0.4 50.0 ± 0.7 3.4 ± 0.7 14.3 ± 2 

350 19.2 ± 0.6 14.5 ± 0.4 50.6 ± 0.7 3.1 ± 0.7 12.7 ± 2 

185 190 195 200 205 

N
 (

E)
 

Binding Energy (eV) 

350 C 

325 C 

300 C 

635 640 645 650 655 660 665 

N
 (
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Binding Energy (eV) 
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Figure 165. TOF-ERDA depth profile of a 35 nm thick film grown from 14 and ozone on 

Si(100) at 300 °C. 

 

 
 

Figure 166. TOF-ERDA depth profile of a 35 nm thick film grown from 14 and ozone on 

Si(100) at 325 °C. 

 

 
 

Figure 167. TOF-ERDA depth profile of a 35 nm thick film grown from 14 and ozone on 

Si(100) at 350 °C. 
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UV-Vis analysis was performed on the films used for saturative dose determination. 

Figure 168 shows a plot of reflectance versus wavelength for films of varying thickness due to 

incremental changes in the applied pulse length of 14. Figure 169 shows analogous data for films 

grown using incremental changes in the pulse length of ozone. In both cases, the film thickness 

most strongly affects reflectance at ~370 nm. The influence of film thickness on reflectance is 

reduced at longer wavelengths. At a wavelength of 1,100 nm, reflectance was 27–29% for all 

films within the 17.6–36.6 nm thickness range. 

 

Figure 168. Plot of reflectance versus wavelength of films grown from 14 and ozone on 

Si(100) at 325 °C. The pulse of 14 was varied with a constant 5.0 s pulse of ozone.  

 

Figure 169. Plot of reflectance versus wavelength of films grown from 14 and ozone on 

Si(100) at 325 °C. The pulse of ozone was varied with a constant 5.0 s pulse of 14. 
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5.2.2 CoB2O4 Films from Bis(tris(pyrazolyl)borate)Co(II) and Ozone 

TGA/DTA analyses of 16 showed a single-step weight loss (blue) overlapping the sole 

endotherm (red) from 250–310 °C (Figure 170). Consistent with the reported preparative 

sublimation data,
341

 no remaining residue was detected. 

Figure 170. TGA/DTA analyses of 16. 

 

Films were grown on Si(100) substrates with a native oxide layer using 16 as the 

precursor, by a method analogous to that described for films grown using 14. Figure 171 shows 

the dependence of growth rate (blue) and consumption rate of 16 (black) on the pulse length of 

16, using 5.0 s pulses of ozone. Figure 172 shows the dependence of growth rate on ozone pulse 

length, using 6.0 s pulses of 16. Considering these data, a pulsing sequence of 6.0 s 16/5.0 s N2 

purge/5.0 s ozone/5.0 s N2 purge was applied for all subsequent depositions, with a measured 

growth rate of 0.39 Å/cycle at 325 °C. A plot of thickness versus number of cycles was linear, 

with a growth rate of 0.42 Å/cycle. A trend line constructed by a least-squares approach had a y-

intercept of –9.846 nm, suggesting a small nucleation period of ~240 cycles. All films were non-

conductive and passed the Scotch tape test. Films grown at 325 °C were smooth and of uniform 

thickness by SEM analysis (Figure 174). 
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Figure 171. Saturation plot of 16 using 5.0 s pulses of ozone at 325 °C. The secondary axis 

shows the consumption rate of 16 as a function of the pulse length of 16. 

 

 

Figure 172. Saturation plot of ozone using 6.0 s pulses of 16 at 325 °C. 
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Figure 173. Plot of film thickness versus number of ALD cycles using 16 and ozone at 325 °C. 

Images below the x-axis show magnified regions of each film from a single 

photograph taken of all films. 

 

 

 

Figure 174. Cross-sectional SEM image of a 78 nm thick film grown on Si(100) from 16 and 

ozone for 2,000 cycles at 325 °C. 
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 Compositional analyses were performed on 78 nm thick films deposited at 325 °C. XPS 

analysis showed a composition of Co1.35B2O4.50 after 2 min of argon ion sputtering, whereas 

TOF-ERDA afforded a composition of Co1.08B2O4.06. Unlike the manganese borate films, the 

B/Co ratios were constant throughout the film. Carbon, nitrogen, and hydrogen levels were 

below the detection limits of XPS (C, N < 0.5%) and TOF-ERDA (C, N < 0.1%; H < 0.3%). 

Based upon these analyses, films of the approximate composition CoB2O4 are deposited from 16 

and ozone at 325 °C. XPS analysis of the B 1s region showed the ionization centered at 191.85 

eV, identical to the B 1s ionizations of the manganese borate films. XPS analysis of the Co 2p 

region revealed shoulders on both the 2p3/2 and 2p1/2 ionizations that are consistent with a Co(II) 

oxidation state.
342

 A film grown at 325 °C had a surface density of ~750 × 10
15

 at./cm
2
, as 

measured by TOF-ERDA. UV-Vis analysis of a 78 nm thick film showed maximum reflectance 

(59%) at 375 nm. 

Figure 175. XPS survey scans of a 78 nm thick film grown from 16 and ozone on Si(100) at 

325 °C. 
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Figure 176. XPS B 1s ionization region of a 78 nm thick film grown from 16 and ozone on 

Si(100) at 325 °C after 2 min of sputtering. 

 

 

Figure 177. XPS Co 2p ionization region of a 78 nm thick film grown from 16 and ozone on 

Si(100) at 325 °C after 2 min of sputtering. Reference 2p binding energies for Co 

metal: 777.9 and 792.95 eV; CoO: 780.0 and 795.50 eV.
305
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Figure 178. TOF-ERDA depth profile of a 78 nm thick film grown from 16 and ozone on 

Si(100) at 325 °C. 

 

 
 

 

 

 

 

Figure 179. Plot of reflectance versus wavelength of a 78 nm thick film grown from 16 and 

ozone on Si(100) at 325 °C. The applied pulses of 16 and ozone were 6.0 and 5.0 

s, respectively. 
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5.2.3 Other Films from Bis(tris(pyrazolyl)borate) Precursors and Ozone 

Encouraged by the utility of 14 and 16 as ALD precursors, analogous processes using 15 

and 17–19 were investigated. Depositions were performed at 325 °C on Si(100) substrates with a 

native oxide layer. The thermal properties of 20–21 were subsequently evaluated. 

Iron 

Films were initially grown using a pulsing sequence of 5.0 s 15/5.0 s N2 purge/5.0 s 

ozone/5.0 s N2 purge. A consumption rate of 0.121 mg/cycle was calculated for 15. After 2,000 

cycles, very pale yellow films 20 ± 3 nm thick were measured by SEM (0.10 Å/cycle). A 

subsequent experiment used a pulsing sequence of 4.0 s 15/10.0 s N2 purge/5.0 s ozone/5.0 s N2 

purge. Compound 15 was delivered at an elevated source temperature of 205 ± 2 °C, yielding a 

consumption rate of 0.328 mg/cycle, with the ozone generator set to 75% power. After 4,000 

cycles, deep blue films 76 ± 3 nm thick were measured by SEM (0.19 Å/cycle). 

 

Figure 180. Cross-sectional SEM image of a 76 nm thick film grown on Si(100) from 15 and 

ozone for 4,000 cycles at 325 °C.  
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Nickel 

As depicted in Figure 181, TGA/DTA analyses of 17 showed a single-step weight loss 

(blue) overlapping the sole endotherm (red) from 240–325 °C. Consistent with the reported 

preparative sublimation data,
341

 no remaining residue was detected. 

Figure 181. TGA/DTA analyses of 17. 
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delivery conditions for 17 (0.361 mg/cycle). After 4,000 cycles, pale orange films 56 ± 3 nm 

thick were measured by SEM (0.14 Å/cycle). 

 

Figure 182. Cross-sectional SEM image of a 56 nm thick film grown on Si(100) from 17 and 

ozone for 4,000 cycles at 325 °C.  

 

 

 

Copper  

Film growth was attempted using a pulsing sequence of 5.0 s 18/5.0 s N2 purge/5.0 s ozone/5.0 s 

N2 purge. Consumption rates of 0.069 and 0.073 mg/cycle were calculated for 18 after 1,600 and 

2,500 ALD cycles, respectively. No films were observed visually or by SEM. A subsequent 

experiment used a pulsing sequence of 4.0 s 18/10.0 s N2 purge/5.0 s ozone/5.0 s N2 purge. 

Compound 18 was delivered at an elevated source temperature of 203 ± 2 °C, yielding a 

consumption rate of 0.254 mg/cycle. No films were visually observed after 2,000 cycles. 
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Zinc 

Film growth was attempted using a pulsing sequence of 5.0 s 19/5.0 s N2 purge/5.0 s ozone/5.0 s 

N2 purge. Consumption rates of 0.095 and 0.087 mg/cycle were calculated for 19 after 800 and 

3,000 ALD cycles, respectively. No films were observed visually or by SEM. 

 

Vanadium and Chromium 

Bis(tris(pyrazolyl)borate)vanadium(II) (20) and chromium(II) (21) complexes have been 

previously reported,
343

 however, they have yet to be studied as ALD precursors. Herein, these 

compounds were synthesized in a manner analogous to 14–19. Compound 20 (deep red crystals) 

melts within the 294–304 °C range. It appears to be fully decomposed by 309 °C, and may 

decompose upon melting. Preparative sublimation of 20 at 210 °C/0.05 Torr yielded 86.8% 

recovered material with no residue. Figure 183 shows a crystal structure of 20; a crystalline 

density of 1.443 g/cm
3
 was determined for this octahedral complex (Table 17). Compound 21 

(deep red/orange crystals) melts within the 275–285 °C range and appears to decompose at ≤ 

365 °C. Preparative sublimation of 21 at 210 °C/0.05 Torr yielded 94.6% recovered material 

with no residue. Figure 184 shows a crystal structure of 21; a crystalline density of 1.490 g/cm
3
 

was determined (Table 18). The asymmetric unit contains two independent half-molecules that 

both show Jahn-Teller distortion, consistent with high-spin d
4
 complexes. Each represents half of 

the distorted octahedral complex, with elongated Cr1-N1 (2.4218 Å) and Cr2-N11 (2.519 Å) 

bonds. The Cr2-N11 distance is greater than the default value required for the refinement 

software to show a bond between these two atoms. 
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Figure 183. Perspective view of 20 with thermal ellipsoids at the 50% probability level. 
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Table 17. Crystal data, collection parameters, bond lengths (Å) and angles (°) for 20. 

 

Chemical formula C19H21B2VN12 
 

V1-N1 2.1422(14) 

Formula weight 477.02 
 

V1-N4 2.1318(14) 

Crystal size (mm) 0.100 × 0.200 × 0.300 
 

V1-N6 2.1371(14) 

Crystal habit deep red columnar 
 

V1-N7 2.1428(14) 

Crystal system monoclinic 
 

V1-N10 2.1378(14) 

Space group P 1 21/n 1 
 

V1-N12 2.1328(14) 

a (Å) 9.6121(8)  
 

N2-B1 1.542(2) 

b (Å) 17.5031(15)  
 

N3-B1 1.545(2) 

c (Å) 13.1586(12)  
 

N5-B1 1.544(2) 

 (°) 90 
 

N8-B2 1.543(2) 

β (°) 97.386(5) 
 

N9-B2 1.538(2) 

(°) 90 
 

N11-B2 1.545(2) 

V (Å
3
) 2195.5(3)  

 
B1-H7 1.0 

Z 4 
 

B2-H20 1.0 

T (K) 100(2) 
   λ (Å) 0.71073 
 

N1-V1-N4 85.60(5) 

ρcalcd (g∙cm
-3

) 1.443 
 

N1-V1-N6 85.72(5) 

μ (mm
-1

) 0.486 
 

N1-V1-N7 177.20(5) 

R1 (%) 0.0331 
 

N1-V1-N10 93.47(5) 

wR2 0.0942 
 

N1-V1-N12 95.72(5) 

   
N4-V1-N6 85.26(5) 

   
N4-V1-N7 95.72(5) 

R(F) = Σ||Fo|-|Fc||/ Σ|Fo| 

 

N4-V1-N10 178.24(6)  

Rw(F)
2
 = [Σw(Fo

2
-Fc

2
)
2
/ Σw(Fo

2
)
2
]

1/2
 for I > 2σ(I) N4-V1-N12 93.71(5)  96.16(5) 

   
N6-V1-N7 91.92(5) 

   
N6-V1-N10 96.16(5) 

   
N6-V1-N12 178.17(5) 

   
N7-V1-N10 85.28(5) 

   
N7-V1-N12 86.67(5) 

   N10-V1-N12 84.90(5) 
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Figure 184. Perspective views of the two half-molecules comprising the asymmetric unit of 21 

with thermal ellipsoids at the 50% probability level. 
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Table 18. Crystal data, collection parameters, bond lengths (Å) and angles (°) for 21. 

 

Chemical formula C19H21B2CrN12 
 

Cr1-N1 2.4218(7) 

Formula weight 491.10 
 

Cr1-N3 2.0871(6) 

Crystal size (mm) 0.100 × 0.200 × 0.300 
 

Cr1-N5 2.1311(7) 

Crystal habit deep red/orange columnar 
 

Cr2-N7 2.0900(7) 

Crystal system triclinic 
 

Cr2-N9 2.1123(7) 

Space group P -1 
 

Cr2-N11 2.519 

a (Å) 10.3872(10) 
 

N2-B1 1.5418(10) 

b (Å) 10.8041(10) 
 

N4-B1 1.5436(10) 

c (Å) 11.6208(10) 
 

N6-B1 1.5457(10) 

 (°) 70.051(4) 
 

N8-B2 1.5458(11) 

β (°) 89.416(4) 
 

N10-B2 1.5448(11) 

(°) 64.752(4) 
 

N12-B2 1.5323(11) 

V (Å
3
) 1094.64(18) 

 
B1-H1A 1.0 

Z 2 
 

B2-H2A 1.0 

T (K) 100(2) 
   λ (Å) 0.71073 
 

N1-Cr1-N3 85.33(2) 

ρcalcd (g∙cm
-3

) 1.490 
 

N1-Cr1-N5 79.86(2) 

μ (mm
-1

) 0.559 
 

N3-Cr1-N5 86.62(2) 

R1 (%) 2.95 
 

N7-Cr2-N9 87.35(3) 

wR2 8.61 
 

N7-Cr2-N11 84.36 

   
N9-Cr2-N11 78.78 

     R(F) = Σ||Fo|-|Fc||/ Σ|Fo| 

   

 

Rw(F)
2
 = [Σw(Fo

2
-Fc

2
)
2
/ Σw(Fo

2
)
2
]

1/2
 for I > 2σ(I) 
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5.3 Conclusions 

Compounds 14 and 16 were used with ozone for the ALD of metal borate films with 

distinct stoichiometries. The 14/ozone process gave a growth rate of 0.18 Å/cycle within an ALD 

window of 300–350 °C. Increased thicknesses for films grown at ≥ 375 °C are likely due to the 

thermal decomposition of 14. Films grown at 325 °C were non-conductive and remained 

amorphous after annealing to 1100 °C under either an N2 or O2 atmosphere. While XPS analyses 

suggested a stoichiometry of MnBO2, TOF-ERDA implied a more oxygen-rich composition 

approximating Mn3(BO3)2. A similar ALD process using 16/ozone afforded a growth rate of 0.39 

Å/cycle at 325 °C. XPS and TOF-ERDA suggested a film stoichiometry of CoB2O4 that matched 

the 2:1 B/Co ratio of 16. This stoichiometry has been previously observed in CoB2O4 crystals 

grown at high temperature and high pressure,
344

 and is analogous to those observed in ALD-

grown MB2O4 films (M = Ca, Sr, Ba) from CaTp2, SrTp2, or BaTp
Et2

2 with water.
339b–d

 This 

approach was subsequently applied for film growth using 15 or 17 with ozone at 325 °C. 

Replication of the 2:1 B/Co ratio of 16 in the CoB2O4 films implies that 16 physisorbs in 

a molecular fashion to the surface of the growing film, and is then efficiently transformed by 

ozone to CoB2O4. By contrast, Mn3(BO3)2 films obtained by 14 and ozone suggest that 14 

chemisorbs on the surface of the growing film with an average loss of one Tp ligand per 

molecule of 14. Subsequent treatment with ozone leads to Mn3(BO3)2 films. For comparison, an 

ALD process using Mn(tmhd)3 and ozone afforded MnO2 films between 140 and 230 °C.
99,104

 In 

the manganese borate process demonstrated herein, the ozone pulses likely oxidize surface-

bound MnTp species to Mn(IV) borates that also contain oxo ligands. Since high-valent 

manganese(IV) oxides are strong oxidants,
99,104

 the subsequent pulse of 14 likely leads to the 

oxidation of one Tp ligand by the surface oxo groups and loss of volatile products that remove an 



191 
 

 

average of one boron atom per molecule of 14. In contrast to the range of higher oxidation state 

manganese oxides, cobalt oxides are limited to CoO and Co3O4,
345

 neither of which is a strong 

oxidant. Thus, 16 likely physisorbs molecularly to the surface of the growing film, and is 

subsequently transformed to CoB2O4 upon treatment with ozone. The large difference in growth 

rate between the Mn3(BO3)2 (0.18–0.19 Å/cycle) and CoB2O4 (0.39–0.42 Å/cycle) processes 

may arise because multiple higher-valent manganese-oxygen bonds are required to oxidize the 

Tp ligand in 14, thereby reducing the surface coverage of MnTp fragments. By contrast, 16 

appears to physisorb molecularly, providing greater surface coverage in the monolayer. 

The processes described herein demonstrate the rare control of thin film stoichiometries 

in ALD that is governed by the elements present in a single precursor. In particular, deposition of 

Mn3(BO3)2 films from 14 demonstrates that intermediate oxidizing surfaces obtained with ozone 

can lead to a borate film stoichiometry that differs from that of the precursor. Bimetallic 

precursors have been previously used in ALD in attempts to control the concentrations of two 

elements in thin films, but afforded poor stoichiometric control. Single precursors containing 1:2 

Sr/Ta ratios were employed for the ALD of Sr-Ta-O films,
340a,b

 but Sr/Ta ratios ranging from 0.5 

to 1.5 were obtained under various deposition conditions. The lack of stoichiometric control 

could arise from formation of volatile tantalum oxides.
340b

 Films of PrAlOx and NdAlOx were 

grown by ALD from 1:1 Nd/Al or Pr/Al bimetallic isopropoxide precursors, but 

nonstoichiometric Pr/Al and Nd/Al ratios (0.30–0.71) resulted.
340c

 Bi(CH2SiMe3)3 and ozone 

were used for the ALD of Bi-Si-O films,
340d

 but the Si/Bi ratio increased from 1.5 to 5.0 between 

200 and 450 °C.  

The processes demonstrated herein enable the ALD of conformal transition metal borates 

with precise thickness control and well-defined stoichiometries. They are the first examples of 
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the vapor phase growth of first-row transition metal borate films. Results from this study should 

allow these materials to be explored in catalysis, lithium ion batteries, and other applications. 

 

5.4 Experimental 

General Considerations. Manipulations were carried out under argon using either 

Schlenk or glove box techniques in the handling of KBH4 for the synthesis of KTp. Metathesis 

reactions were run under ambient atmosphere. KTp and 14–19 were synthesized according to 

literature procedures.
346 

All chemicals were obtained from Sigma Aldrich. Sublimations were 

performed as described in Chapter 2. TGA/DTA analyses were conducted on a Perkin-Elmer 

Pyris 1 TGA system between 50 and 450 °C using N2 as the flow gas with a heating rate of 

10 °C/min. Single-crystal X-ray structures were obtained as described in Chapter 4 and were 

solved and refined using the SHELXL-2014/7 (Sheldrick, 2014) software package. Some of the 

reported bond lengths and bond angles were measured using the Mercury 3.6 (Build RC6) crystal 

structure visualization program. 

Deposition Experiments. A Picosun Oy R-75BE ALD reactor was used for thin film 

deposition experiments. A Texol GeniSys nitrogen generator supplied 99.9995% N2 as both the 

carrier and purge gas. An Adixen 2033 C2 oil pump was used to maintain a pressure of 6–10 

mbar in the reactor while under a constant N2 flow. Compounds 14–19 were delivered by solid 

state booster, with a source temperature of 194 ± 2 °C unless otherwise noted. Ozone was 

delivered at 500 sccm by an IN USA AC-Series ozone generator operating at 50% power unless 

otherwise noted. Powder XRD, SEM, XPS, and resistivity analyses were performed as described 

in Chapter 2. AFM analyses were performed as described in Chapter 3. TOF-ERDA analyses 

were performed at the University of Jyväskylä, Finland. Mn-containing films were analyzed 
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using a 6.8 MeV 
35

Cl beam in mirror geometry (20.5 + 20.5) with a 41° recoil angle time-of-

flight ERD. The Co-containing film was measured with an 8.5 MeV 
35

Cl beam. UV-Vis analyses 

were performed with a JASCO V-570 UV/VIS/NIR Spectrophotometer (Rev. 1.00); reported 

data are an average of 3 measurements. All films passed the Scotch tape test.  
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CHAPTER 6 

Conclusions 

 

The stringent demands of microelectronic device fabrication favor the use of ALD for 

applications requiring conformal film growth with sub-nm thickness control. However, many 

existing ALD processes require high deposition temperatures, hazardous coreagents, or the use 

of plasma to facilitate film growth. These limitations can lead to the incorporation of 

contaminating elements, safety concerns for HVM, and loss of thickness control during the film 

growth process. Consequently, the research presented herein demonstrates new chemistry for the 

low-temperature thermal ALD of first-row transition metal films which meets the requisite 

criteria for integration into future microelectronic device fabrication processes. 

Chapter 1 offers a motivation for the research herein by outlining the challenges facing 

the continued miniaturization of microelectronic devices. Relevant examples of materials 

containing transition metal thin films are presented. Next, common techniques for vapor-phase 

film growth are introduced, including PVD, CVD, and ALD. Finally, the present status of first-

row transition metal precursors and vapor deposition processes is reviewed in detail. 

Chapter 2 introduces a class of bis(trimethylsilyl) six-membered rings as strongly-

reducing coreagents for ALD.
347

 Compounds 1 and 2 were used with TiCl4 for the growth of Ti 

metal films. The reaction is driven by the formation of strong Si-Cl bonds, affording ClMe3Si as 

a volatile byproduct with two equivalents of the resulting 8 π electron dianionic intermediate 

species coordinated to a Ti(IV) cation. Subsequent aromatization of these dianionic rings 

facilitates the reduction of Ti(IV) to Ti(0) by reducing the metal center by two electrons per 

ligand. Compound 2 was especially useful, supporting a growth rate of 0.06 Å/cycle within a 

temperature range of 110–240 °C. Films grown at < 180 °C were smooth by SEM and AFM 
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analyses, while films grown at ≥ 180 °C were increasingly rough, with additional nanoparticulate 

growth on top of the films. All films readily oxidized upon exposure to air, producing a surface 

of TiO2 and a gradient layer of Ti suboxides.
300,304,310  

However, XPS analyses showed the 

definitive presence of Ti metal at the film/substrate interface. Importantly, the 3 keV argon ions 

used for sputtering are incapable of reducing Ti oxides to Ti metal, thus confirming reduction by 

a chemical process.
300

 Upon the basis of the reduction potential of toluene (E1/2 = −2.46 V), most 

metal ions in the periodic table should be reduced by the 2-methyl-1,4-cyclohexadienyl 

dianion,
41

 which results upon double desilylation of 1. This work constitutes the first report of a 

thermal Ti ALD process. Compound 2 was also used for the reduction of SbCl3 to Sb metal at 

180 °C. After 1 min of sputtering, XPS analysis showed a film composition of 87.2% Sb as a 

mixture of Sb2O3 and Sb metal. 

Chapter 3 describes novel processes using 3 and formic acid for the ALD of high-purity 

Co metal films. Initially, a three-step approach, including 2 as a reducing coreagent, afforded 

97.1% pure Co metal films at 180 °C. The discovery that 2 was unnecessary led to the 

development of a binary process with a growth rate of 0.95 Å/cycle within a 170–180 °C 

window. These films were very smooth by SEM and AFM analyses. Powder XRD confirmed the 

presence of Co metal, with an average crystallite size of 13.4 ± 3.0 nm. XPS analysis with 

continued sputtering resulted in ionizations that exactly matched the known values for Co metal 

after 2 min and a film composition consisting of 91.6% Co metal after 8 min. Films grown on Ru, 

Pd, Pt, and Cu substrates showed notably lower sheet resistivities compared to the bare substrates. 

Bulk resistivities of films grown on Ru from 165–220 °C were 13.4–19.0 μΩ∙cm, approaching 

that of bulk Co metal.
312

 Deposition data demonstrate that there is a small (15–16%) CVD 

component to the growth at 180 °C and also a nucleation period of ≤ 250 cycles for the initial 
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nanoparticulate growth to coalesce into a continuous film. This CVD growth from the self-

decomposition of 3 may provide a seed layer for the ALD of Co metal. The approach described 

herein overcomes the limitations of previously-reported Co ALD processes, including low 

growth rates,
36,39

 growth temperatures that are well above the precursor decomposition 

temperatures,
31,36,38,136–138

 no demonstration of self-limited ALD growth,
143

 and variable, high 

resistivities of the Co films.
136–138

 Accordingly, three-step processes were subsequently explored 

for the growth of other first-row transition metal films using diazabutadienyl and alkoxide 

complexes with formic acid and 2 as coreagents. 

 Chapter 4 explores the utility of 8–13 as ALD precursors that contain the redox non-

innocent 1,4-di-tert-butyl-1,3-diazabutadienyl ligand. The syntheses of these compounds 

employed a convenient metathesis approach, analogous to that reported for 3–7.
42

 Proton NMR 

or magnetic moment data show the oxidation state of the ligand, and are reported for diamagnetic 

(9, 11) and paramagnetic (8, 10, 12–13) complexes, respectively. These compounds sublime at ≤ 

125 °C/0.05 Torr with little or no residue. Compound 10 may be especially useful for ALD, as it 

has a fairly low melting point (135–137 °C) and a high thermal decomposition temperature 

(235 °C). A crystal structure for the novel 13 is also reported. 

 Chapter 5 outlines processes for the ALD of Mn and Co borate films from 14 and 16, 

respectively, with ozone as the coreagent. These processes give distinct borate stoichiometries, 

demonstrating rare compositional control in ALD growth that is governed by the elements 

present in a single precursor. The 14/ozone process affords a growth rate of 0.18 Å/cycle within 

an ALD window of 300–350 °C. Films remained amorphous after annealing to 1100 °C under 

either an N2 or O2 atmosphere. While XPS analyses suggested a stoichiometry of MnBO2, TOF-

ERDA implied a more complex, oxygen-rich composition approximating Mn3(BO3)2. The data 
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suggest that 14 chemisorbs on the surface of the growing film with an average loss of one Tp 

ligand per molecule of 14. Subsequent treatment with ozone then leads to Mn3(BO3)2 films. The 

analogous ALD process using 16/ozone affords a growth rate of 0.39 Å/cycle. XPS and TOF-

ERDA suggested a film stoichiometry of CoB2O4 that matched the 2:1 B/Co ratio of 16. The data 

imply that 16 physisorbs in a molecular fashion to the surface of the growing film, and is then 

efficiently transformed by ozone to CoB2O4. Films grown using 14 or 16 were non-conductive, 

and smooth by SEM and AFM analyses. These processes are the first examples of vapor-phase 

growth of first-row transition metal borate films. Film growth was also achieved using 15 or 17 

with ozone at 325 °C. Finally, the thermal properties of 20–21 suggest that these compounds 

may be useful for ALD; crystal structures of both compounds are reported.  
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APPENDIX A 

Thermal Analysis of (2-tert-Butylallyl)Co(CO)3 

 

As referenced in Chapter 1 (pgs. 27–28) and Chapter 3 (pgs. 103, 132), the onset of 

thermal decomposition of (2-tert-butylallyl)Co(CO)3 appears to commence at ~90 °C in the bulk 

liquid state. Herein, the thermal analysis of this compound is described in detail. 

Samples of (2-tert-butylallyl)Co(CO)3 were loaded into capillary tubes in an argon-filled 

dry box. A small amount of vacuum grease was used to plug the open end of the capillary tubes. 

The tubes were then removed from the box and quickly flame sealed. Experiments employed an 

Electrothermal (45 W) melting point apparatus. Initially, a starting temperature of 60 °C was 

used. After 2 min, the temperature was increased to 70 °C, held for 5 min, increased to 80 °C, 

held for 5 min, increased to 90 °C, and held for 5 min. The sample was observed after each 5 min 

interval. After holding the sample at 90 °C for 5 min, it appeared notably darker than the other 

samples that had not been heated. In a more precise experiment, a sample was heated to 78 °C 

and held for 5 min prior to observation. This process was repeated at 2 °C steps up to 88 °C, after 

which a very slight change in color was observed. This stepwise heating was continued to 89, 90, 

and 120 °C, using a 5 min holding time prior to observation at each temperature. After being 

heated at 120 °C for 5 min, the sample was visually darker than the sample that had not been 

heated (Figure A1-a). Other samples were then separately heated to 89 and 90 °C, held for 5 min 

each, and observed (Figure A1-a). A slight darkening was observed for the sample heated to 

89 °C, while the sample heated to 90 °C was the same color as the sample that was heated to 

120 °C. Samples heated to 250 and 300 °C were very dark grey/black in color (Figure A1-b). 
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Figure A1. Thermal analysis of (2-tert-butylallyl)Co(CO)3 after heating to various 

temperatures. 
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APPENDIX B 

Permissions 
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Thin films containing first-row transition metals are widely used in microelectronic, 

photovoltaic, catalytic, and surface-coating applications. In particular, metallic films are essential 

for interconnects and seed, barrier, and capping layers in integrated circuitry. Traditional vapor 

deposition methods for film growth include PVD, CVD, or the use of plasma. However, these 

techniques lack the requisite precision for film growth at the nanoscale, and thus, are 

increasingly inadequate for many current and future applications. By contrast, ALD is the 

favored approach for depositing films with absolute surface conformality and thickness control 

on 3D architectures and in high aspect ratio features. However, the low-temperature chemical 

reduction of most first-row transition metal cations to their zero-valent state is very challenging 

due to their negative electrochemical potentials. A lack of strongly-reducing coreagents has 

rendered the thermal ALD of metallic films an intractable problem for many elements. 

Additionally, several established ALD processes for metal films are plagued by low growth rates, 

impurity incorporation, poor nucleation, high surface roughness, or the need for hazardous 

coreagents. Finally, stoichiometric control of ternary films grown by ALD is rare, but 
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increasingly important, with emerging applications for metal borate films in catalysis and lithium 

ion batteries.  

The research herein is focused toward the development of new ALD processes for the 

broader application of metal, metal oxide, and metal borate thin films to future nanoscale 

technologies. These processes display self-limited growth and support the facile nucleation of 

smooth, continuous, high-purity films. Bis(trimethylsilyl) six-membered rings are employed as 

strongly-reducing organic coreagents for the ALD of titanium and antimony metal films. 

Additionally, new processes are developed for the growth of high-purity, low-resistivity cobalt 

and nickel metal films by exploiting the redox non-innocent nature of a series of recently-

reported 1,4-di-tert-butyl-1,3-diazabutadienyl complexes. Other metal complexes using the same 

ligand system are subsequently evaluated for use as ALD precursors. Finally, a novel approach is 

described for the stoichiometric control of first-row transition metal manganese and cobalt borate 

films, whereby the film composition is governed by the elements present in a single precursor. 

Computational techniques such as density functional theory (DFT) using nucleus-

independent chemical shift (NICS) are used to determine the electronic structure and predict the 

relative reducing power of organic coreagents. Potential ALD precursors are analyzed by 
1
H and 

13
C NMR, IR, thermogravimetric and differential thermal analyses (TGA/DTA), melting point 

and solid state decomposition measurements, magnetic susceptibility measurements, preparative 

sublimation studies, and solution-screening reactions. Deposition parameters are optimized for 

successful ALD processes. The composition and surface morphology of the resultant films are 

studied by scanning electron microscopy (SEM), transmission electron microscopy (TEM), 

atomic force microscopy (AFM), X-ray photoelectron spectroscopy (XPS), auger electron 

spectroscopy (AES), X-ray diffractometry (XRD), time-of-flight elastic recoil detection analysis 
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(TOF-ERDA), ultraviolet-visible spectroscopy (UV-Vis), and four-point probe resistivity 

measurements.  
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