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CHAPTER 1 INTRODUCTION 

1.1 Trends in Integrated Circuits Technology Miniaturization 

Microelectronic manufacturing process development has profound implications on 

a global scale, due to the worldwide saturation of consumer electronic devices. The 

advancement of microelectronics devices has consistently followed Moore’s law, which 

states that the number of transistors per unit area on an integrated circuit will double 

approximately every two years.1-7 The increased density of transistors (and therefore, 

decreased size) has been observed continuously since the 1960’s, with functional devices 

predicted to employ transistors with 10 nm node (the distance between the source and the 

drain on a transistor) as soon as 2017 (Figure 1).8 Continually increasing transistor density 

has, in turn, led to continually decreasing size and power consumption of consumer 

electronic devices – making today’s connected world possible.  

Figure 1. Miniaturization roadmap from 2011 – 2020 for functional device component 

size. 

 

 

To comply with the demand for higher density integrated circuits, the architectural 

design of integrated circuits has evolved greatly over the last sixty years, with initial 

designs being two-dimensional circuits on a single layer.4-5 As the demand for faster and 

higher performing integrated circuits grew, the archetypal two-dimensional structure 

became obsolete; compression methods were used to increase density in conjunction with 



2 

 

 

 

decreasing the transistor size.4-5 Two-dimensional compression reached its limit, giving 

way to a three-dimensional stacking of circuit layers.  The three-dimensional architecture 

is comprised of many high-aspect ratio features, such as trenches and vias, to connect 

individual layers.4-5, 7 High-aspect ratio features must be precisely and uniformly coated to 

minimize process tolerances, allowing for higher device manufacturing yield. The ability 

to coat high-aspect ratio features with precision is required if the current trend in 

microelectronics miniaturization is to continue, while still keeping costs to the consumer  

low.1-3, 7 

Transistors are the building blocks of integrated circuits, and are composed of 

dielectric (gate), semiconductive (substrate), and conductive (interconnect) materials.4-5 

Transistors function as binary “on/off” switches (Figure 2), and can be combined to form 

logic networks. Some of the simplest transistors form the “AND” and “OR” logical 

operations, while more complex networks provide the backbone of mathematical and data 

storage processing. To turn the transistor “on,” a voltage is applied to the dielectric gate to 

open a current path from the source to the drain.  The open current path from the source to 

the drain represents the logical “1,” as the transistor output voltage is the same as the source 

voltage. Similarly, to turn the transistor “off,” the dielectric gate is grounded, closing the 

path from the source to the drain.  The threshold voltage, which is defined as the lowest 

required voltage at the gate to open the current path from source to drain, needs to be low 

so that the heat dissipation for the device is low while in use (to prolong device life).4-5 

However, the threshold voltage needs to be high enough that the device cannot be turned 

on accidently. 
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Figure 2. Schematic of a cross-sectional view of a transistor. “L” represents the distance 

between the source and the drain, which is also known as the node. 

 

 

One challenge with the miniaturization of components is the fabrication of the 

dielectric gate oxide. As the thickness decreases, leakage current from the source to the 

drain increases, leading to inefficient devices and significant energy waste.9-11 

Traditionally, SiO2 has been used as the gate oxide, but when the gate oxide is less than 15 

nm thick, SiO2 is no longer sufficient to prevent current leakage.12 In modern integrated 

circuits, HfO2 is used for the gate oxide, but also has its limits: less than 12 nm thick, HfO2 

also fails to prevent significant leakage current. New materials are needed in order to 

continue the transistor miniaturization trend, while minimizing leakage current.7 
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Another challenge in integrated circuit manufacturing is the miniaturization of 

interconnects. Aluminum was commonly used as an interconnect material in early 

generations, as a result of its relative abundance, low cost, and low resistivity. Copper has 

largely replaced aluminum as an interconnect material in later generation devices, due to 

its higher scalability, lower resistivity, and lower heat dissipation.4-5 The challenge in using 

copper is in its adhesion to the dielectric layer, since copper poorly nucleates on insulating 

substrates. The nucleation challenge prevents the formation of uniform, continuous layers. 

Copper also has a high tendency to diffuse into silicon and SiO2 at the temperatures 

necessary for device manufacturing,3, 13 leading to the formation of short circuits. The use 

of an inert material with good adhesion to both copper and SiO2 is necessary to prevent the 

diffusion of copper into the dielectric components. The main challenge in the 

miniaturization of interconnects is finding a suitable adhesion/diffusion barrier layer for 

copper at this scale. The current state of the art is TaN, though this material ceases to be 

effective at ≤ 5 nm thickness.14 As the demand for smaller transistor components (< 20 nm) 

increases, the production of conformal thin films with precise control of thickness is 

required to facilitate miniaturization of microelectronic devices.  

1.2 Current Methods of Thin Film Deposition 

1.2.1 Physical Vapor Deposition 

Physical vapor deposition (PVD) is a well-established thin film deposition 

technique employed within the microelectronics industry to manufacture device 

components. The ubiquity of PVD is due to its high quality films and relatively inexpensive 

operating cost requirements.15 Examples of PVD techniques include sputter deposition, 
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laser-ablation deposition, evaporation, and vacuum arc-based deposition. The two most 

common PVD methods used in the microelectronics industry are the evaporation and 

sputtering techniques.15 In these two methods, deposition occurs via the removal of atoms 

from the bulk-source material by using evaporation or high-energy particle bombardment 

in a high-vacuum deposition chamber.15 

Evaporative deposition techniques are characterized by the heating of the source 

material beyond its melting point, using a highly biased (-5000V) filament, with the 

substrate placed in a direct line-of-sight to the source (Figure 3).15 Typically, there is a 

relatively large distance between the source and the substrate (10 – 100 cm) to optimize 

deposition area while also limiting substrate heating.15 Optimizing the distance between 

the source and the substrate is necessary, because a larger distance will result in a slower 

deposition rate, since the deposition rate is inversely proportional to the distance squared.15 

This technique is even able to coat large, meter-width diameter substrates at relatively fast 

rates (~100 nm/min), contributing to its wide use in industrial applications.15  
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Figure 3. General schematic for evaporative PVD. 

 

Another common PVD technique used in manufacturing is sputtering. Sputtering 

uses an ion beam source to generate energetic particles of inert gas ions  (50 – 2000 eV) 

which collide with the source material, liberating atoms into the vapor phase for thin film 

deposition (Figure 4).15 In order for these atoms to be cleaved from the source material, 

the energy of the particles generated from the ion beam source must exceed that of the 
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surface binding energy of the source material.15  Once in the vapor phase, these sputtered 

atoms then deposit on the substrate, forming a thin film of the desired material.  

Figure 4. General schematic for PVD sputtering. 

 

Sputtering PVD techniques are widely used in the manufacturing processes for 

device components in the microelectronic industry, due to the high quality and throughput 

of materials produced and inexpensive material operating costs in comparison to other 

available deposition techniques.15 Although the material deposited through sputtering is 

still held as a quality standard in the microelectronics industry, the directional nature of 
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PVD limits the ability to coat high-aspect ratio features, with this limitation typically more 

pronounced in feature sizes of < 250 nm.16 Because of this limitation, new techniques are 

required due to the continued drive for miniaturization, to afford films with excellent step-

coverage of high-aspect ratio trenches and vias while keeping consumer costs low and 

quality high.  

1.2.2 Chemical Vapor Deposition 

Chemical vapor deposition (CVD) occurs when a heated substrate is exposed to 

one or more gas-phase precursors delivered into a reaction chamber by a steady flow of an 

inert carrier gas (Figure 5).2, 17-18 These reactions are often performed in a vacuum chamber 

at high temperatures (≥ 500 °C). Deposition of the desired thin film can occur by gas-phase 

reactions of the precursor (with the resulting product precipitating onto the substrate) 

and/or by pyrolysis, which is the thermal decomposition of the precursors onto the 

substrate.2, 17-18 Any volatile by-products or excess precursors are removed from the 

reaction chamber by the carrier gas flow. 
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Figure 5. General schematic for CVD. 

 

CVD is commonly used in the microelectronics industry due to its generally high 

throughput. However, gas phase precipitation and pyrolysis can lead to the incorporation 

of impurities in the films, causing defects and non-conformal growth. This undesired effect 

is more pronounced at thicknesses below 20 nm, and leads to poor step coverage of high-

aspect ratio features.1-3, 19 In addition, the high temperatures required in many CVD 

processes are incompatible with microelectronic device manufacturing, due to the potential 

for component damage.  

1.2.3 Atomic Layer Depostion (ALD) 

CVD and PVD have limited practicality when coating high-aspect ratio features at 

the sub-20 nm scale due to the non-conformal film growth that results from gas phase 

reactions.20-21 Therefore, a more advanced process is required to continue the 

miniaturization trend in microelectronics past the 20 nm scale.1-4 Atomic layer deposition 
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(ALD) allows for precise thickness control and highly conformal thin film growth 

necessary for manufacturing features at this scale and smaller (Figure 6).1-3, 19 

Figure 6. High-aspect ratio features (≤ 20 nm) coated by PVD/CVD and ALD. 

 

 

Unlike CVD, where high temperatures result in uncontrolled decomposition 

growth, ALD processes are defined by a self-limited growth mechanism, where depositions 

are carried out below the thermal decomposition temperature threshold of the precursors.  

The hallmark of ALD growth is exhibited by the saturation curve (Figure 7),3 where a plot 

of growth rate versus precursor pulse length eventually plateaus. A constant growth rate 

occurs beyond when the precursor has reacted with all available surface reactive sites (this 

is called the saturative dose). If the precursor is thermally stable at the deposition 

temperature, no further film growth can occur once the minimum surface saturative dose 

has been delivered.  
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Figure 7. General saturation curve for an ALD process.  Region 1 indicates sub-saturative 

growth, while region 2 indicates saturative growth.   

 

 

Many ALD growth processes also demonstrate a region where the growth rate is 

independent of substrate temperature (Figure 8). The temperature range where 

chemisorption of the precursor to the substrate is optimal results in self-limited growth, 

affording a constant growth rate, is called the ALD window. The ALD window, which can 

range from a few degrees to over one hundred, and is unique to the deposition process.3  
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Figure 8. General ALD window. The various regions depict insufficient reactivity (solid 

line, region 1), precursor condensation (dashed line, region 1), the ALD window (region 

2), surface deactivation (dashed line, region 3) and precursor self-decomposition (solid 

line, region 3). 

 

The final characteristic of an ALD process is that the film thickness usually 

increases linearly with the number of cycles (Figure 9).3 When plotted, the slope of this 

line indicates the saturative growth rate, while the extrapolated y-intercept gives insight 

into potential nucleation issues (for ideal processes, the intercept is the origin). Linear 

growth with increasing number of cycles allows for precise control over film thickness. 

These properties make ALD well suited as the primary deposition technique for the 

manufacturing of continually minimizing microelectronic device components.1-3, 19  
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Figure 9. General thickness versus number of cycles plot. Normal ALD growth proceeds 

in a linear fashion, and can be described using the equation y = mx +b. The slope, or “m,” 

is the growth rate for the process. The y-intercept of the graph, or “b,” should ideally be 

zero. 

 

 

The four-step ALD cycle creates a self-limiting growth mechanism that enables 

precise thickness and highly conformal growth (Figure 10).1-3 In the first step, the first 

precursor is pulsed into the reaction chamber, where it reacts with or adsorbs on the 

substrate surface until the surface reactive sites are exhausted, forming a single monolayer. 

An inert gas is then pulsed into the chamber to remove any excess precursor and reaction 

products. After the inert gas purge, a second precursor is pulsed into the chamber, reacting 
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with the newly formed monolayer to form a monolayer of the desired material. Another 

inert gas purge is then performed and the process is repeated until the desired film thickness 

is achieved. Since the growth rate per cycle is constant, the film thickness can be precisely 

controlled by varying the number of cycles.1-3   

Figure 10. General ALD cycle.   

 

For best results, ALD precursors should have the following properties: high 

volatility to allow rapid introduction into the reaction chamber, high thermal stability to 

avoid CVD-like decomposition growth, high reactivity toward the second reducing co-

reagent at the deposition temperature, rapid reactivity with surface reactive sites, and the 

ability to form volatile reaction products to afford high purity materials. Many CVD 
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precursors are not thermally stable at deposition temperatures, making them suitable for 

decomposition reactions.3 Decomposition reactions of the precursors are undesirable in 

ALD, since these reactions may result in loss of self-limiting growth and higher impurity 

incorporation is possible.  A lack of suitable precursors available with all desired properties 

necessitates the need for the development of new ALD precursors and processes to allow 

for industrial-scale application of ALD.3 

The two main methods of ALD processes are thermal ALD and plasma-enhanced 

(PEALD). Thermal ALD uses a heated reaction chamber, in which film growth driven by 

thermodynamics occurs.3 PEALD uses plasma species as co-reactants in the deposition 

process. These plasma species are highly-reactive, high-energy radicals, with H2, N2, NH3, 

and O2 used as common sources.20-22 An advantage of using PEALD is that it can enhance 

the reactivity of precursors at much lower temperatures than CVD.20-22 However, plasma 

processes often give poor conformal coverage due to hydrogen atom recombination on the 

surface of the substrate, and can damage the substrates.3, 22 Thermal ALD alleviates the 

problems posed by PEALD, but few processes are reported for the first-row transition 

metals, with many occurring above the precursor decomposition temperature (leading to 

CVD-like growth).  

1.2.4 Area-Selective ALD 

Another challenge in device manufacturing is substrate-selective deposition.23 

Substrate-selective ALD is a technique where the desired thin film preferentially grows on 

one type of substrate surface over another (Figure 11). Substrate-selective growth is 

receiving attention in the fabrication of microelectronic devices, since deposition on only 
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the intended portion of a device surface can eliminate complicated etching steps from the 

fabrication process and minimize expensive and poisonous reagent use.23  

Figure 11. Comparison of normal ALD growth to substrate-selective ALD growth. 

 

 

 
 

 

Despite the considerable interest, there are few reported processes for substrate-

selective growth, especially for selective growth of metallic thin films. Selectivity can be 

achieved by tailoring the surface chemistry of the precursor and substrate, such as 

• Cobalt 
• Copper 
• Silicon 
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fluorinating the substrate surface to inhibit growth, using hydrogen to inhibit growth, and 

using spontaneously adsorbing molecular assemblies, as known as self-assembled 

monolayers (SAMs), as blocking layers.23 These methods have been demonstrated to grow 

metals selectively on desired substrates. Selectivity can also be inherent to a process, where 

the precursor chemistry only occurs with certain substrates to deposit films.23  In a recent 

publication from Bent and co-workers, partial fluorination of the horizontal surfaces of a 

silicon fin array nanostructure surface using the hydrophobic interactions of CFx was used 

to inhibit growth. This led to platinum ALD growth observed only on the non-fluorinated 

surfaces (sidewall surfaces) for up to 500 growth cycles.24 Parsons and co-workers 

demonstrated selective growth of tungsten metal thin films using WF6 and SiH4, with 

hydrogen during the tungsten precursor pulse to inhibit growth on SiO2 without affecting 

tungsten metal growth on silicon substrates.25 The most commonly reported substrate-

selective depositions make use of (SAMs) as blocking layers,26-31 which have been 

demonstrated to grow selectively metals on desired substrates. An example of the use of 

SAMs for substrate-selective growth of metallic thin films is the work by Leskelä and co-

workers.30 Octadecyltrimethoxysilane was employed to form SAMs on oxide substrate 

surfaces, to block the growth of iridium thin films, using Ir(acac)3 (acac = 2,4-pentadione) 

and O2 at 225 °C, for 1000 growth cycles.  

Selectivity can also be inherent to a process where the precursor chemistry only 

proceeds to afford films on certain substrates.23, 32-34 Using the copper precursor Cu(tmhd)2 

(tmhd = 2,2,6,6-tetramethylheptane-3,5-dionate) and H2, metallic copper thin films were 

selectively deposited on palladium surfaces over SiO2 and Si3N4 surfaces for 100 
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deposition cycles, at 135 – 230 °C.32 Understanding the growth process in the initial stages 

is essential to the development of selective deposition processes. More exploration into 

selective processes is necessary, with few processes reported to date. 

1.3 Applications and Challenges of the ALD of Transition Metal Containing Thin 

Films 

 

ALD of the first-row transition metals is of great interest due to the relative 

abundance and inexpensive cost in comparison to the noble metals, and the many current 

and future applications of these metals (Table 1).3, 20, 35-53 Copper is widely used as the 

replacement for aluminum interconnects in microelectronic devices.3-5 Since copper poorly 

nucleates on SiO2 and other dielectric materials, seed layers for the adhesion of copper are 

necessary.3-5 The use of chromium and cobalt as seed layers for copper adhesion has been 

employed.13 Copper also has a tendency to diffuse into SiO2 and silicon at device 

fabrication temperatures.3-5 The diffusion of copper into these substrates necessitates a 

barrier layer to prevent diffusion.3-5 Manganese is being explored for use as a replacement 

for TaN as a diffusion barrier layer for copper features.3, 46 Koike and co-workers have 

reported the use of a PVD sputtered copper/manganese alloy deposited on SiO2, then 

annealed at 250 – 450 °C, as a self-forming copper diffusion barrier.46-48 Upon annealing 

the copper/manganese alloy, the manganese atoms in the alloy migrated toward the SiO2 

interface, forming a 2 – 8 nm thick MnSixOy layer.46-48 This MnSixOy layer served as a 

diffusion barrier in between the copper and SiO2 layers, which maintained integrity for 100 

h at 450 °C.47  Deposition by PVD methods has limitations (vide supra) which can be 

alleviated by depositing the copper/manganese alloy by thermal ALD. Winter and co-

workers have reported a process where layers of copper/manganese/copper were deposited 
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on SiO2 by thermal ALD, with the migration of the manganese atoms toward the SiO2 layer 

was observed.49 These results show promise of the self-forming MnSixOy barrier layer by 

ALD. Nickel, cobalt, and iron are useful in applications requiring magnetic materials, such 

as magnetoresistive random access memory (MRAM).3 Films containing titanium, such as 

Ti/TiN, are used as liners to prevent the diffusion of copper into dielectric materials.20 

Films containing titanium oxides have also been explored for use in lithium ion battery 

development recently.50 Vanadium oxide films have received attention for the wide scope 

of applications in catalysis, electrochromic devices, and solid-state batteries.51-53 
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Table 1. Applications and electrochemical potentials of first row transition metals in 

microelectronic devices.3, 20, 35-54 

 

Element Reduction E° (V) Uses 

Cu Cu2+ + 2e– ⇌ Cu0 0.3419 Interconnects 

Ni Ni2+ + 2e– ⇌ Ni0 –0.257 Contacts, electrodes, magnetic 

materials 

Co Co2+ + 2e– ⇌ Co0 –0.280 Cu diffusion barrier, liner and cap for 

Cu, magnetic materials, CoSi2 

contacts 

Fe Fe2+ + 2e– ⇌ Fe0 –0.447 Magnetic materials 

Mn Mn2+ + 2e– ⇌ Mn0 –1.185 Self-forming Cu diffusion barriers 

Cr Cr2+ + 2e– ⇌ Cr0 –0.913 Cu seed layers 

V V2+ + 2e– ⇌ V0 –1.175 Catalysts, electrochromic materials, 

solid-state batteries 

Ti Ti2+ + 2e– ⇌ Ti0 –1.630 Cu diffusion barrier, solid-state 

batteries 

 

Deposition by ALD enables thin films with the uniform thickness and high 

conformality necessary for these device components. However, many current first row 

transition metal precursors do not have all of the necessary properties for an ALD 

precursor, making the growth of these films challenging.  To achieve high purity in metal 

films, precursors must be highly reactive towards a reducing co-reagent.  The challenge 
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posed by current transition metal precursors is their low reactivity towards common 

reducing co-reagents at deposition temperatures.3 This difficulty stems from the negative 

electrochemical potentials of M(II) to M(0)  (M = Ti, V, Cr, Mn, Fe, Co, Ni), as displayed 

in Table 1.54 Additionally, the precursors must be thermally stable at the deposition 

temperature or CVD-like decomposition growth may occur. Due to the low reactivity of 

the current metal precursors toward available reducing agents, many depositions require 

high temperatures, resulting in CVD-like growth. These difficulties necessitate the 

development of new ALD processes, using reducing co-reagents that are more reactive 

toward the transition metal precursors. The body of this work will focus on the 

development of substrate selective ALD processes for cobalt and nickel metal in view of 

their many current and future applications.  

1.3.1 Applications and Current ALD Processes for Cobalt Metal 

Cobalt metal thin films have received increased interest in recent years due to the 

many applications, such as magnetic materials,36 precursors to CoSi2 contacts,37 and 

interconnect materials (as a possible replacement for copper)44 in many future applications 

that require components to be < 10 nm.8 The drive to decrease dimension size for these 

features will require ALD growth of cobalt metal. Additionally, cobalt metal can be used 

as a material for the liners and caps of copper features in microelectronics devices,38-42, 45 

with the cobalt liners serving as seed layers for copper growth and the cobalt caps 

preventing the electromigration of copper. In order for cobalt metal to be used in this 

capacity, selective deposition of cobalt on copper is essential.  
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The growth of cobalt metal thin films by CVD processes has been extensively 

explored.39, 55-67 The precursor µ2-η2-(tBu-acetylene)Co(CO)6 (CCTBA) and H2 have been 

used to deposit cobalt metal thin films by CVD at 150 °C to afford low resistivity (32.0 µΩ 

cm) cobalt metal films, however, high carbon and oxygen contamination was observed.61 

A recent report used the precursor (C5H5)Co(η4-CH2CHC(Me)CH2) and H2 at 400 °C to 

deposit cobalt metal by CVD.61 Although these films were high-purity cobalt metal, the 

surface roughness was high.66 CVD growth has also been employed for the selective 

deposition of metallic cobalt films on precleaned-copper patterned wafers, which also 

contained dielectric surfaces, using cobalt carbonyl precursors.39, 67 Many of the precursors 

(Chart 1) used in CVD contain one or more carbonyl group, making them impractical for 

use as ALD precursors. The low thermal energy required to remove carbonyl groups from 

molecules, results in the thermal decomposition of the precursor and high carbon and 

oxygen contamination of the deposited films,68 which is undesirable for ALD processes. 

Although deposition of cobalt metal films by CVD has been well developed, the drive for 

microelectronic device miniaturization (< 10 nm) requires cobalt thin films to be deposited 

by ALD to meet size standards for future uses. 
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Chart 1. Examples of common cobalt precursors for thin film depositions. 
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PEALD processes for the deposition of cobalt metal thin films have been 

reported.68-75 The use of the precursor Co(Cp)(CO)2 with various plasma species has been 

reported numerous times for PEALD growth of cobalt metal thin films.68, 72, 74-75 The use 

of NH3 plasma at 150 – 300 °C to afford thin films of cobalt metal, had the highest purity, 

and the lowest film resistivities (~20 µΩ cm) of these processes.68 Saturative behavior for 

the precursors was not observed, suggesting that CVD growth is likely for this process, 

with the thermal decomposition of 150 °C reported for Co(Cp)(CO)2.
72 The purity of the 

deposited cobalt metal films was further increased, with a decrease in resistivity observed 

(~10 µΩ cm) for the PEALD process using CoCp2 and NH3 plasma, however, the 

conformality of these films was poor.68, 74  PEALD cobalt film processes were also reported 

using the precursors Co(MeCp)2,
69 Co(Cp)(iPrNC(Me)NiPr),71 Co2(CO)8,

72-73 and 

CCTBA,76 with all of these processes suffering from high resistivities (90 – 140 µΩ cm) 

resulting from high carbon and oxygen contamination. The use of PEALD improved the 

quality of the films, in comparison to analogous CVD processes, by decreasing the 

impurities (from unremoved ligands) and therefore decreasing the resistivity of the films.76 

However, vide supra, thermal ALD is preferred in the industrial manufacturing of these 

thin films.   

The cobalt amidinate precursor, Co(iPrNCMeNiPr)2, has been employed in several 

thermal ALD processes for the deposition of cobalt metal.26, 28, 77-81 Co(iPrNCMeNiPr)2 has 

a reported decomposition temperature of 215 – 225 °C.80 In deposition processes reported 

for the growth of cobalt metal by ALD using Co(iPrNCMeNiPr)2 and H2 or NH3 as co-

reactants, the deposition temperatures were 300 – 350 °C, with a low growth rate of 0.12 
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Å/cycle, and a high resistivity of 46 µΩ cm (compared to bulk cobalt resistivity of 6.24 µΩ 

cm82). 50-54 This process was also used for selective growth of cobalt metal for as many as 

1000 growth cycles, implementing octadecyltrichlorosilane (OTC) as a blocking layer.26 

The OTC layer was selectively grown on Si(001) surfaces, to prevent growth on Si(001) 

surfaces in favor of growth on SiO2 surfaces.26 Co(iPrNCMeNiPr)2  coupled with NH3 

plasma at 350 °C was also attempted for the selective growth of cobalt metal, however, the 

plasma was found to deteriorate the OTC layer, preventing selective growth.28 These 

reported processes have deposition temperatures well above the cobalt precursor 

decomposition temperature. A CVD component to the film growth is likely, despite the 

observed saturation of Co(iPrNCMeNiPr)2.  

Selective deposition of cobalt metal on Si-H substrates over SiO2 substrates was 

reported employing Co(2-tert-butylallyl)(CO)3 and 1,1-dimethylhdrazine as co-reactants 

at a deposition temperature of 140 °C.83 However, no data to support precursor saturation 

were reported for this process. Cobalt metal has also been deposited with 

Co(MeiPrCOCNtBu)2 and BH3(NHMe2) at the deposition temperature of 180 °C.84 

Although saturation for the precursors was reported, which confirmed self-limiting growth 

by this process, film growth only occurred on ruthenium substrates after a nucleation 

period, with no further growth seen after 1,000 deposition cycles.84 This process also 

suffers from a low growth rate of 0.07 Å/cycle.84 

Few thermal ALD processes have been reported to date, with many occurring above 

the precursor decomposition temperature, which suggests that these processes have large 

CVD-growth components to them. Operating above the thermal decomposition 
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temperature of the precursor can also result in impurities incorporated into the films, which 

in turn can result in defects and higher resistivities. These risks make processes with large 

CVD-growth components undesirable for industrial manufacturing. 

1.3.2 Applications and Current ALD Processes for Nickel Metal 

Nickel metal thin films have applications in microelectronic devices as electrodes 

and contacts in transistors,85 as a precursor material for NiSi and NiSi2,
85 and as seed layers 

for copper deposition.86 Nickel metal CVD has employed several nickel precursors (Chart 

2) toward the deposition of nickel metal films. Nickel metal CVD has been achieved by 

the pyrolysis of Ni(Cp)2 at ≥ 550 °C.87 The pyrolysis of Ni(dmamp)2 at ≥ 250 °C has also 

been employed to deposit nickel metal by CVD.88 The use of Ni(MeCp)2 with H2 as a co-

reactant for the CVD of metallic nickel films was attempted at 300 °C, but the deposited 

nickel film reacted with the silicon substrate to produce a mixture of NiSi and NiSi2 films 

instead.85 Although nickel metal films with high-purity and low resistivity were obtained, 

as discussed previously, many future applications will require components to be < 10 nm. 

CVD growth has limited ability to coat features conformally at this size, which calls for 

ALD growth of nickel metal. 
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Chart 2. Examples of common nickel precursors for thin film depositions. 

 

Metallic thin films of nickel were deposited via PEALD by employing the precursor 

Ni(dmamp)2 along with  NH3 or H2 plasma as co-reactants at 250 °C.89 The growth rates 

reported for these processes are 2.0 Å/cycle with the use of NH3 plasma, and 0.8 Å/cycle 

with the use of H2 plasma. The PEALD of nickel metal using Ni(dmamp)2 and H2 plasma 

at 220 °C was also reported, with a growth rate of 1.55 Å/cycle.90 Although these plasma 
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processes produce nickel metal thin films with high growth rates, thermal ALD is the 

preferred method for industrial manufacturing.   

Indirect thermal ALD processes for the growth of metallic nickel metal films have 

been reported. These processes used the deposition of NiO, with the subsequent reduction 

of NiO to nickel metal by either H2 plasma reduction86 or annealing at high temperatures 

under forming gas.91 These methods are less desirable than a direct thermal ALD process 

for nickel metal due to the use of plasma and high annealing temperatures, which can 

damage device components during manufacturing.3, 22 

Nickel metal thermal ALD was reported using Ni(iPrNCMeNiPr)2 and H2 at a 

deposition temperature of 250 °C.81 Ni(iPrNCMeNiPr)2 has a reported decomposition 

temperature of 180 °C.77 CVD-like film growth is likely despite the observed saturation of 

Ni(iPrNCMeNiPr)2, similar to the analogous cobalt process reported using 

Co(iPrNCMeNiPr)2, considering the deposition temperature is well above the 

decomposition temperature of the precursor. The precursor Ni(MeiPrCOCNtBu)2 and 

BH3(NHMe2) were employed toward the ALD growth of nickel metal at the deposition 

temperature of 180 °C.84 Although saturation for each precursor was reported (which 

confirmed self-limiting growth by this process), film growth only occurred on ruthenium 

substrates after a nucleation period, with no further growth seen after 1,000 deposition 

cycles (as seen with the analogous process for cobalt metal). With few direct nickel metal 

thermal ALD processes available, new processes for nickel metal are desirable. 
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1.4 Thesis Objective 

The overall objective of this research was to develop new processes for the selective 

deposition of first row transition metal thin films by ALD, with a focus on cobalt and nickel 

metal. Suitable ALD precursors were identified to complete this goal, and then in-depth 

deposition studies were performed. Once high quality ALD processes were developed for 

metallic thin films, substrate-selective deposition studies were carried out. Resultant films 

were analyzed by scanning electron microscopy (SEM), energy dispersive spectroscopy 

(EDS), powder X-ray diffractometry (PXRD), atomic force microscopy (AFM), X-ray 

photoelectron spectroscopy (XPS), and four-point-probe resistivity measurements. The 

results herein describe the substrate selective deposition of metallic cobalt thin films by 

ALD for a recently developed process, using bis(1,4-di-tert-butyl-diaza-1,3-

butadiene)cobalt, Co(tBu2DAD)2, and formic acid.34, 82 Additionally, the use of alkyl amines 

as reducing co-reagents was demonstrated when reacted with Co(tBu2DAD)2 and bis(1,4-

di-tert-butyl-diaza-1,3-butadiene)nickel, Ni(tBu2DAD)2, respectively, to give the 

corresponding metallic thin film by ALD. The substrate-selective deposition using alkyl 

amines as co-reagents for cobalt and nickel metal for these processes was also 

demonstrated.  
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CHAPTER 2 SUBSTRATE SELECTIVITY IN THE LOW TEMPERATURE, 

THERMAL ATOMIC LAYER DEPOSITION OF COBALT METAL THIN 

FILMS FROM BIS(1,4-DI-TERT-BUTYL-1,3-DIAZADIENYL)COBALT AND 

FORMIC ACID  

Portions of the text in this chapter were reproduced from “Substrate selectivity in the low 

temperature atomic layer deposition of cobalt metal films from bis(1,4-di-tert-butyl-1,3-

diazadienyl)cobalt and formic acid,” Kerrigan, M. M.; Klesko, J. P.; Rupich, S. M.; 

Dezelah, C. L.; Kanjolia, R. K., Chabal, Y. J.; Winter, C. H. The Journal of Chemical 

Physics, 2017, 146, 052813 with the permission of AIP Publishing permission. All rights 

to the work are retained by the authors and any reuse requires permission of the authors. 

 

2.1 Introduction 

Our group recently reported an ALD process for cobalt metal thin films using 

Co(tBu2DAD)2 and formic acid (Figure 12).82 This process exhibits saturative growth 

behavior, in the ALD window of 170 – 180 °C. The cobalt metal films were of high-purity 

(confirmed by XPS), with low resistivity of 13 – 19 µΩ cm, a high growth rate of 0.95 

Å/cycle, and no growth on non-metallic surfaces.82 This chapter describes the in-depth 

studies of the early stages of deposition of cobalt metal by ALD using Co(tBu2DAD)2 and 

formic acid on metallic and dielectric substrates.34 Inherent selectivity has also been 

demonstrated for the growth of cobalt metal thin films on metallic substrates over dielectric 

substrates,34 and will herein be described.  

Figure 12. General reaction scheme for the ALD growth of cobalt metal from 

Co(tBu2DAD)2 and formic acid. 
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2.2 Results and Discussion 

2.2.1  Film growth on ruthenium, platinum, and copper substrates 

Figure 13 shows plots of thickness versus number of cycles for cobalt metal growth 

on ruthenium, platinum, and copper substrates at 180 °C for 25, 50, 100, 150, and 250 

cycles using the growth conditions described in the experimental section, found at the end 

of this chapter. For both platinum and copper surfaces, the plots were linear with growth 

rates of 0.98 Å/cycle, with cross-sectional SEM revealing continuous films at all 

thicknesses (Figure 14). These values are within experimental error of the 0.95 Å/cycle 

growth rate that we reported for the Co(tBu2DAD)2 and formic acid process on ruthenium 

substrates between 250 and 2000 cycles and at 1000 cycles on platinum and copper 

substrates.82 Cobalt films grown with 25 cycles (~2.5 nm thick) can be measured with our 

electron microscope, but these thickness values have higher uncertainties than 

measurements made of thicker films. Accordingly, the presence of cobalt on the substrates 

was also probed qualitatively by EDS for films grown with 25, 50, and 100 cycles. All 

samples grown on platinum and copper substrates showed cobalt signals in the EDS spectra 

(Figure 15). The fact that the growth rates on platinum and copper substrates with 25 to 

250 cycles are identical to those observed from 250 to 2000 cycles on ruthenium substrates 

and at 1000 cycles on platinum and copper,82 coupled with the observation of cobalt signals 

in all of the EDS spectra, implies that normal ALD growth occurs even at 25 cycles on 

platinum and copper substrates. 
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Figure 13. Plot of thickness versus number of cycles for cobalt metal growth on ruthenium, 

platinum, and copper substrates at 180 °C. 
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Figure 14. Cross-sectional SEM of a 14 nm thick cobalt metal film grown at 180 °C, on a) 

a platinum substrate b) a copper substrate. 
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Figure 15. EDS spectrum for 25 cycles (~2.5 nm) of cobalt metal grown at 180 °C, on a) 

a platinum substrate and b) a copper substrate. 
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In contrast to the linear growth behavior on platinum and copper substrates, cobalt 

growth on ruthenium substrates showed a delay at 180 °C of up to 250 cycles before the 

saturative growth rate ensued, beyond which a linear plot of thickness versus number of 

cycles was observed with a normal growth rate of 0.95 Å/cycle.82 No detectable film 

growth (< 2 nm) was observed by SEM after 25 and 50 growth cycles. After 100 cycles, a 

uniform thickness, ~2 nm continuous layer was observed by SEM. At 150 cycles, a ~10 

nm thick cobalt film was observed. At 250 cycles and beyond, the normal 0.95 Å/cycle 

growth rate was obtained. Between 100 and 150 cycles on ruthenium substrates, the film 

thickness increased from ~2 nm to 10 nm, which corresponds to a growth rate of ~1.6 

Å/cycle.82 This value is much higher than the 0.95 Å/cycle growth rate observed between 

250 and 2000 cycles on ruthenium substrates. In our previous paper, we reported that a 

CVD-like experiment conducted with Co(tBu2DAD)2 (5.0 s)/N2 purge (10.0 s) and no 

formic acid pulses at 180 °C for 1000 cycles on a ruthenium substrate led to a film thickness 

of 13 – 15 nm.82 For comparison, Co(tBu2DAD)2 undergoes thermal decomposition to cobalt 

metal in the solid state upon heating to ~235 °C, and should thus be thermally stable at 180 

°C.92 Accordingly, it appears that there is a nucleation delay of about 100 cycles in the 

ALD growth process, during which no cobalt growth is observed by SEM (< 2 nm). This 

delay may occur because of an oxidized ruthenium surface,93 which could inhibit cobalt 

metal nucleation until treatment with Co(tBu2DAD)2 and formic acid can expose reactive 

surface sites. Between 100 and 150 cycles, the very high growth rate (~1.6 Å/cycle) 

suggests that the ruthenium/cobalt surface promotes the decomposition of Co(tBu2DAD)2 

in a CVD-like fashion to afford a layer that covers the ruthenium surface (~10 – 15 nm). 
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Once the ruthenium surface is covered by a cobalt layer (150 – 250 cycles), normal self-

limited ALD growth ensues. It is not fully clear why the growth behavior on ruthenium 

substrates is different than on platinum and copper substrates. However, nucleation in 

noble metal ALD processes is difficult, and many ruthenium ALD processes exhibit delays 

of up to several hundred cycles before normal growth ensues.93 Factors that affect 

nucleation in noble metal ALD have been discussed and surface treatments can affect 

nucleation.94 In the present work, the ruthenium substrates were used as received, and no 

pretreatments were carried out. Ruthenium surfaces are often oxidized,93 which could 

affect cobalt metal nucleation. It is possible that various pretreatments of the ruthenium 

substrates could reduce or even eliminate the nucleation delay observed herein. 

AFM was used to probe the surface topologies of films grown at 150 cycles (~14 

nm thick) on platinum and copper substrates (Figure 16). On platinum (Figure 16a), the 

cobalt film had an rms surface roughness of 0.6 nm, compared to an rms surface roughness 

for the uncoated platinum substrate of 0.19 nm. This rms roughness corresponds to 4% of 

the film thickness, and indicating a very smooth film. Figure 16b shows the AFM image 

of the cobalt film on a copper substrate. The rms surface roughness for the full 2 x 2 µm2 

region was 2.4 nm, and was 1.1 nm for the inset showing a 0.7 x 0.7 µm2 region that did 

not contain any surface particles. For comparison, the rms value of the uncoated copper 

substrate was 0.69 nm. The surface contains widely spaced 30 – 125 nm diameter particles, 

as well as 30 – 60 nm diameter pits. The particles and pits originate from the copper 

substrates, since the AFM image of the uncoated substrates shows similar features. These 

surface features may originate from surface oxidation of the copper by air.95 While AFM 
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studies of thin cobalt films on ruthenium substrates were not carried out because of the 

nucleation delay at early growth stages, a 105 nm thick cobalt film on a ruthenium substrate 

grown at 180 °C had an rms surface roughness of 0.98 nm, compared to a value of 0.42 nm 

for the uncoated ruthenium substrate.82 Accordingly, films grown from Co(tBu2DAD)2 and 

formic acid at 180 °C give very smooth films on ruthenium and platinum substrates. Films 

on copper substrates also have low rms surface roughnesses, although some pits and 

particles are observed due to the copper substrate.  

Figure 16. AFM images of 15 nm thick cobalt metal film grown on a) platinum and b) 

copper. The inset shows a smooth region of the cobalt on copper film. Cobalt on platinum: 

rms = 0.6 nm. Cobalt on copper: rms = 2.4 nm, inset rms = 1.1 nm. 

 

 

The resistivities of the films grown on ruthenium, platinum, and copper substrates 

were measured for samples grown from Co(tBu2DAD)2 and formic acid at 180 °C with 25, 

50, 100, 150, and 250 cycles (Table 2). On ruthenium, the resistivities range from 49 – 56 

µΩ cm up to 100 cycles, which is similar to the resistivity value of the uncoated ruthenium 

substrates (~52 µΩ cm). The similarity of these resistivity values to that of the ruthenium 

substrate is consistent with the lack of observed film growth at 25 and 50 cycles. The 
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slightly decreased resistivity at 100 cycles (49 µΩ cm) might correlate with the ~2 nm thick 

cobalt layer observed by SEM. At 150 cycles, the resistivity value decreased to 35.9 µΩ 

cm, which can be attributed to the ~10 nm thick cobalt layer. At 250 cycles, the resistivity 

dropped to 18.5 µΩ cm for the ~25 nm thick cobalt layer, which is within the 13-19 µΩ cm 

range observed for 95 nm thick ALD cobalt metal films grown at 180 °C from 

Co(tBu2DAD)2 and formic acid.82 As noted above, normal ALD growth on ruthenium 

substrates begins at about 250 cycles. As a comparison, cobalt metal has a bulk resistivity 

of 6.24 µΩ cm at 20 °C.82 For platinum substrates, the resistivity values of films grown 

with 25 (~2.5 nm thick layer) and 50 (~5 nm thick layer) cycles were 47.1 and 45.3 µΩ 

cm, which are close to that of the uncoated platinum substrate (~43 µΩ cm). Cobalt-

platinum alloy films containing up to 55% platinum have room temperature resistivities 

between 45 and 52 µΩ cm, which are similar to the films grown with 25 and 50 cycles.96 

Accordingly, cobalt-platinum alloys cannot be ruled out at low film thicknesses (vide 

infra). At 100 cycles (~10 nm thick layer), the resistivity dropped to 34.3 µΩ cm, consistent 

with the thicker cobalt layer and more cobalt metal contributing to the resistivity. At 150 

(~15 nm thick layer) and 250 (~25 nm thick layer) cycles, the resistivity values (20.1, 19.6 

µΩ cm) were close to the 13 – 19 µΩ cm range observed for 95 nm thick cobalt metal films 

on ruthenium substrates that we reported previously.82 On copper substrates, the 

resistivities of films grown with 25 (~2.5 nm thick layer), 50 (~5 nm thick layer), and 100 

(~10 nm thick layer) cycles were identical to that of the uncoated copper substrates (1.7 

µΩ cm). This observation is consistent with the conduction occurring through the copper 

substrate in these thin films, formation of a highly conductive copper-cobalt alloy, or the 
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presence of a thin surface copper layer (vide infra). The resistivity of the film grown at 150 

cycles (~15 nm thick layer) increased slightly to 2.9 µΩ cm. At 250 cycles (~25 nm thick) 

the resistivity of the cobalt layer (14.9 µΩ cm) was within the 13 – 19 µΩ cm range noted 

above for 95 nm thick cobalt metal films on ruthenium substrates.  

Table 2. Resistivities of cobalt films grown on metallic substrates using Co(tBu2DAD)2 and  

formic acid. 

 

Cycles Rutheniuma,b Coppera,c Platinuma,d 

25 56.1 1.7 47.1 

50 54.3 1.7 45.3 

100 49.0 1.7 34.3 

150 35.9 2.9 20.1 

250 18.5 14.9 19.6 

 aValues are in µ cm.  
bThe measured resistivity of the uncoated ruthenium substrate is 52.1 µ cm.  
cThe measured resistivity of the uncoated copper substrate is 1.7 µ cm.  
dThe measured resistivity of the uncoated platinum substrate is 42.6 µ cm. 

 

Films about 14 nm thick grown on copper and platinum substrates with 150 cycles 

of ALD cobalt at 180 °C were analyzed by XPS to gain insight into the nucleations and 

film properties. Both films gave the expected thicknesses for a growth rate of ~0.95 

Å/cycle, consistent with normal ALD growth. The film on platinum showed oxidized 

cobalt in the scan prior to argon ion sputtering, consistent with our earlier report of surface 

oxidation in cobalt metal films.82 The carbon 1s ionizations in the as-deposited film were 

consistent with adventitious surface hydrocarbons and disappeared after 15 seconds of 

sputtering. The oxidized cobalt and oxygen ionizations disappeared after sputtering for 45 
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seconds, after which only cobalt metal was present. Upon sputtering for 15 seconds or 

longer, ionizations consistent with cobalt metal were observed (Co 2p3/2 778.36 eV, Co 

2p1/2 793.46 eV) (Figure 17a). The oxygen level was 1.0% after sputtering for 75 seconds, 

and carbon and nitrogen levels were below the detection limits (<0.5%). For comparison, 

a cobalt metal standard sample showed Co 2p3/2 and Co 2p1/2 ionizations at 778.36 and 

793.46 eV, respectively (Figure 17b). The surface of the standard sample also showed 

oxidized cobalt, oxygen, and carbon ionizations prior to sputtering. Upon argon ion 

sputtering of the standard cobalt sample for 15 seconds, the oxygen and carbon ionizations 

disappeared, the oxidized cobalt was absent, and the cobalt metal ionizations were 

observed. Platinum ionizations were absent in the scan of the cobalt film on platinum 

before sputtering, but appeared after 15 seconds of sputtering (Pt 4f7/2 70.03 eV, Pt 4f5/2 

73.48 eV) and were identical to the binding energies observed for the platinum metal 

standard. These data are consistent with cobalt metal deposition on the platinum substrate, 

with some surface oxidation that likely occurs upon exposure of the film to ambient 

atmosphere. Figure 18 shows the atomic concentrations of elements present in the film 

after various sputtering times. Notably, there is considerable intermixing of cobalt and 

platinum upon sputtering for 15 seconds or more. These data imply formation of an 

interfacial cobalt-platinum alloy, which likely contributes to the facile nucleation of the 

cobalt films on platinum substrates. The intermixing of cobalt and platinum increases 

throughout the 14 nm thick cobalt layer, and possibly continues into the 10 nm thick 

platinum layer. In related studies, ALD copper films have been shown to form interfacial 
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alloys that enhance nucleation on palladium and platinum substrates, but not on ruthenium 

substrates.33, 94, 97 

Figure 17. High-resolution XPS multiplex of a) the Co 2p region of a 14 nm thick cobalt 

film grown on a platinum substrate at 180 °C b) the Co 2p region of a cobalt metal standard. 
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Figure 18. a) Plot of atomic concentration versus argon ion sputtering time, b) elemental 

compositions of a 14 nm thick cobalt film grown on a platinum substrate at 180 °C.  
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A 14 nm thick cobalt film grown on copper substrate was also studied by XPS. 

Unlike the cobalt films on platinum, XPS showed oxidized cobalt throughout the film, with 

underlying copper metal (Figure 19). Ionizations from cobalt metal were absent or of very 

low intensity. These data are consistent with complete oxidation of the cobalt film upon 

exposure to ambient atmosphere. Metallic copper is well known to undergo surface 

oxidation upon exposure to air.95 A copper metal standard sample also showed surface 

oxidation, which disappeared upon sputtering for 15 seconds. It is possible that the oxidized 

copper on the substrate surface is reduced by the growing cobalt metal film, resulting in 

copper metal and cobalt oxide. Cobalt metal that grows on top of the cobalt oxide interfacial 

layer would be oxidized to cobalt oxide upon exposure to ambient air. Figure 20 shows 

the atomic concentrations of elements present in the film after various sputtering times. 

b 

Sputter (s) Co2p Pt4f O1s C1s N1s Si2p

0 12.4 0.3 36.2 51.0 0.0 0.0

15 63.3 9.2 25.9 1.5 0.0 0.0

30 65.4 20.7 13.9 0.0 0.0 0.0

45 58.5 34.2 7.3 0.0 0.0 0.0

60 45.7 51.1 3.1 0.0 0.0 0.0

75 30.2 68.8 1.0 0.0 0.0 0.0

90 20.6 77.3 2.1 0.0 0.0 0.0

105 9.4 82.0 8.6 0.0 0.0 0.0

120 4.1 69.0 18.0 0.0 0.0 8.8

135 0.8 49.1 33.5 0.0 0.0 16.5

150 0.5 33.6 43.9 0.0 0.0 21.9

165 0.1 21.6 51.0 0.0 0.0 27.3

180 0.0 14.6 55.2 0.0 0.0 30.2
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The oxygen and cobalt concentrations are similar throughout the film, consistent with the 

presence of cobalt oxide. Carbon and nitrogen levels were below the detection limits 

(<0.5%) after 60 seconds of sputtering. As above, there is considerable intermixing of the 

copper and cobalt layers. It is possible that the nucleation mechanism entails reaction of 

the surface copper oxides with the cobalt metal, to afford copper metal and cobalt oxide. 

This reduction process could lead to the observed intermixing. The element concentrations 

in Figure 20 suggest both cobalt and copper in the 14 nm thick layer, with little copper at 

the surface of the film. The copper concentration increases with depth in the cobalt-

containing layer. In related work, Gordon reported that a continuous, electrically connected 

1.4 nm thick copper film could be grown by ALD at 190 °C on a 2 nm thick ALD cobalt 

layer.78-79 Ekerdt also reported that the ALD growth of cobalt metal films on copper 

substrates using Co(tBuNCEtNtBu)2 and H2 at 265 °C led to intermixing of the copper and 

cobalt, and a surfactant-like copper layer ~2 nm thick was observed on top of the cobalt 

layer up 16 nm film thicknesses.98 Unlike Ekerdt’s work, we did not observe a copper 

surface layer by XPS, perhaps because of the presence of the copper oxides at initial stages 

of growth, or because of our lower 180 °C growth temperature. Prior to deposition, Ekerdt 

removed the copper oxide layer on the copper substrate by treatment with glacial acetic 

acid, presumably to afford a pristine copper metal surface. Accordingly, nucleations in the 

work of Ekerdt98 and Gordon78-79 are likely facilitated by interfacial metallic cobalt-copper 

alloy formation. Our substrates were not treated with acetic acid prior to depositions, so it 

is not clear if our nucleations on copper are promoted by interfacial metallic alloy 

formation or by reduction of the surface copper oxides by the cobalt metal. 
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Figure 19. High-resolution XPS multiplex of the Co 2p region of a 14 nm thick cobalt film 

grown on a copper substrate at 180 °C.  
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Figure 20. Plot of atomic concentration versus argon ion sputtering time of a 14 nm thick 

cobalt film grown on a copper substrate at 180 °C. 
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2.2.2  Attempted film growth on Si(100) with native oxide, Si-H, and CDO 

substrates 

 

As part of the selectivity studies, cobalt metal ALD was attempted on Si(100), Si-

H, and CDO substrates, using the conditions described above for growth on metal 

substrates. No film growth was observed by SEM on any of these substrates at up to 1000 

cycles (Figure 21a), and EDS revealed no signals for cobalt in any of the samples (Figure 

21b). Additionally, a CDO substrate was subjected to 150 cycles of ALD cobalt metal 

growth conditions at 180 °C as described above. The CDO substrate was then analyzed by 

XPS to determine if there was any cobalt metal on the surface. Inspection of the Co 2p 

region showed no ionizations for any cobalt species (Figure 22). The CDO substrate 

surface only showed the expected ionizations for carbon, silicon, and oxygen. Accordingly, 

cobalt metal does not nucleate on Si(100), Si-H, and CDO surfaces using Co(tBu2DAD)2 

and formic acid at 180 °C. 

b 

Sputter (s) Co2p Cu2p O1s C1s N1s Si2p

0 10.6 0.0 40.0 47.5 1.9 0.0

15 46.3 4.1 44.9 4.1 0.6 0.0

30 49.9 6.4 40.7 2.4 0.6 0.0

45 42.0 24.0 32.8 1.2 0.0 0.0

60 32.6 44.7 22.6 0.0 0.0 0.0

75 16.9 71.7 11.4 0.0 0.0 0.0

90 5.4 89.7 4.9 0.0 0.0 0.0

105 1.0 96.0 3.0 0.0 0.0 0.0

120 0.3 97.0 2.7 0.0 0.0 0.0

135 0.2 97.5 2.3 0.0 0.0 0.0

150 0.2 97.7 2.1 0.0 0.0 0.0

165 0.2 95.9 3.8 0.0 0.0 0.0

180 0.0 92.4 7.5 0.0 0.0 0.0
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Figure 21. a) Cross-sectional SEM of a CDO substrate after 1000 deposition cycles at 180 

°C b) EDS of a CDO substrate after 1000 deposition cycles at 180 °C. 
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Figure 22. High-resolution XPS multiplex of a CDO substrate after 150 deposition cycles 

at 180 °C. 
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2.2.3  Film growth on thermal SiO2 substrates 

Unlike Si(100), Si-H, and CDO substrates, attempted ALD growth of cobalt metal 

films from Co(tBu2DAD)2 and formic acid at 180 °C on 100 nm thick thermal SiO2/Si(100) 

substrates led to growth of continuous films. These films were non-conductive and did not 

show the metallic sheen of cobalt metal films. Films grown with 500 cycles were 35 nm 

thick, but were also 35 nm thick after 1000 cycles, suggesting very different behavior than 

the cobalt metal growth on metallic substrates described above. EDS analysis of a 35 nm 

thick film grown with 500 cycles showed a cobalt signal (Figure 23), indicating that the 

layer contained cobalt. The substrate with the 35 nm thick film grown with 500 cycles 

(Figure 24a) was rinsed with deionized water and was then blown dry with a stream of 
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clean, dry air. Subsequent SEM analysis showed that the film had completely dissolved 

and only the thermal SiO2 layer was observed (Figure 24b). This experiment demonstrates 

that the material deposited on SiO2 is water soluble. For comparison, 25 nm thick cobalt 

metal films on ruthenium, platinum, and copper substrates were unaffected by rinses with 

deionized water. A 35 nm thick film on thermal SiO2 was probed with infrared 

spectroscopy, and showed absorptions at 1574 and 1349 cm-1 (Figure 25), in addition to 

the SiO2 absorptions. For comparison, a commercial sample of anhydrous copper(II) 

formate tetrahydrate showed absorptions at 1551 and 1359 cm-1. Sodium formate shows 

carbon-oxygen stretches in the infrared spectrum at 1567 and 1366 cm-1.99 Finally, a 35 nm 

thick film on thermal SiO2 was rinsed with deionized water to dissolve the film, dried with 

a stream of clean, dry air, and then subjected to analysis by infrared spectroscopy. The 

absorptions at 1574 and 1349 cm-1 were not present on the water-rinsed substrate. These 

observations are consistent with the formation of cobalt(II) formate on the thermal SiO2 

substrates. The fact that cobalt(II) formate layers grow only on the 100 nm thick thermal 

SiO2 substrates, and not on Si(100) with native oxide (1-2 nm), must be related to reactions 

of the thick SiO2 layer with formic acid, which then lead to cobalt(II) formate upon 

subsequent treatment with Co(tBu2DAD)2. There is not enough SiO2 on Si(100) with native 

oxide substrates to afford detectable amounts of cobalt(II) formate.  
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Figure 23. EDS of ~35 nm of film after 500 deposition cycles on SiO2. 
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Figure 24. Cross-sectional SEM of ~35 nm of film after 500 deposition cycles on SiO2, a) 

before deionized water rinse and b) after deionized water rinse. 
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Figure 25. Infrared spectrum of ~35 nm of film after 500 deposition cycles on SiO2. 

 

2.2.4  ALD selectivity temperature window 

We next sought to define the “area-selective ALD temperature window”, which is 

the temperature range where inherent selectivity for metal surfaces is observed but no 

growth occurs on dielectric surfaces. Depositions were carried out with the pulse sequence 

described above, but the substrate temperatures were varied to determine the temperature 

dependence of the selective ALD processes. Since < 20 nm thick cobalt metal films are 

desired in device fabrication, each deposition was run with 250 cycles (~25 nm thick films 
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on metal substrates). Depositions were performed at 160, 170, 180, 190, 200, and 220 °C 

on Si(100), Si-H, and CDO substrates to observe the temperature at which nucleation 

begins to occur. Temperatures of 230 °C and higher were avoided, since self-

decomposition of Co(tBu2DAD)2 to cobalt metal occurs.92 No film growth was observed by 

SEM from 160 to 200 °C on any of the substrates. At 220 °C, no film growth was detected 

on Si(100) or Si-H, however, CDO showed the formation of particles on the surface. 

Attempts were made to characterize the surfaces of the CDO substrates containing the 

particles that were deposited at 220 °C. No cobalt signals were observed with EDS, which 

is consistent either with the particles not containing cobalt or, more likely, with insufficient 

signal to noise to observe the cobalt EDS signal from widely spaced particles. Therefore, 

cobalt metal films from Co(tBu2DAD)2 and formic acid have a substrate selectivity 

temperature window for growth on metals and not on Si(100), Si-H, and CDO from 160 to 

200 °C (Figure 26). The selectivity window for growth on metals over Si(100) and Si-H 

spans 160 to 220 °C. SiO2 substrates are a special case, since cobalt(II) formate appears to 

form on these surfaces at 180 °C. 
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Figure 26. Area-selective ALD temperature windows, where no growth was observed on 

Si(100), Si-H, and CDO substrates after 250 cycles. 

 

2.3 Conclusions 

The  growth  of metallic  cobalt  was  demonstrated  on  a  variety  of  metallic 

substrates (platinum, copper, and ruthenium)  using  Co(tBu2DAD)2 and  formic  acid  as 

precursors. Linear growth on platinum and copper substrates was observed for ≥ 25 cycles 

(~ 25 Å thick), showing no nucleation delay for this process on these substrates. Growth 

of metallic cobalt films on ruthenium shows a delay in normal growth behavior before 250 

cycles. This is likely due to oxidation of the substrate surface, which is then reduced during 

the initial cycles.93 The observed growth rate of 0.98 Å/cycle matched that of the previously 

reported growth rate of cobalt deposited on ruthenium between 250 and 2000 cycles.82 This 

suggests that normal ALD growth occurs on platinum and copper substrates immediately, 

likely through facile interfacial alloy formations. Bulk resitivities of cobalt films grown on 

copper and platinum at the early stages of growth (≤ 150 growth cycles) support the 
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formation of interfacial alloys.78-79, 96, 98 In contrast, the resistivities of cobalt films grown 

on ruthenium at the early stages of growth match that of the bare ruthenium wafer, which 

suggests no formation of alloys. XPS depth profiling shows significant intermixing of 

cobalt with the metallic substrate (platinum and copper) upon sputtering in each sample, 

supporting the hypothesis of the film growth proceeding via formation of interfacial alloys. 

AFM analysis showed smooth, continuous cobalt metal films on platinum and copper 

substrates, with rms surface roughnesses of 0.6 nm and 1.1 – 2.4 nm respectively. The 

higher rms surface roughness for the copper substrate is likely due to the surface roughness 

of the bare copper substrate, which also contained similar particle and pit features. Films 

of metallic cobalt were not observed on Si(100), SiO2, Si-H, and CDO substrates up to 

1000 cycles, which was confirmed by cross-sectional SEM and EDS, with the exception 

of the SiO2 substrate. The SiO2 substrate shows ~35 nm of material from ≥ 500 cycles, and 

has a peak which corresponds to cobalt present in EDS. The material was not conductive, 

suggesting that it is not cobalt metal. This material was hypothesized to be cobalt (II) 

formate, which is supported by infrared spectroscopy. Absorptions at 1574 and 1349 cm-1, 

in addition to the SiO2 substrate absorptions, were observed. Absorptions reported in the 

literature99 for the infrared spectrum of sodium formate (1567 and 1366 cm-1) correspond 

to those of the deposited material on SiO2. The resulting material grown after 500 

deposition cycles on the SiO2 substrate was rinsed with deionized water post-deposition, 

due to the solubility of cobalt (II) formate in water. Rinsing the sample with water resulted 

in the removal of the material, confirmed by cross-sectional SEM and infrared 

spectroscopy.  These results support the formation of cobalt (II) formate on the SiO2 
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substrates. A selectivity window for the deposition of cobalt metal on metallic substrates 

over Si(100), Si-H, and CDO was observed from 160 to 200 °C. Particle deposition was 

observed on carbon-doped oxide substrates at 220 °C, with no film growth evident on 

Si(100) and Si-H at this temperature.  

2.4 Experimental Section 

A Picosun R-75BE ALD reactor was used for the thin film deposition experiments. 

The ALD reactor was operated under a constant stream of nitrogen (99.999%) at a pressure 

of 6-9 Torr. The deposition of cobalt metal thin films was studied with Co(tBu2DAD)2 and 

formic acid. Co(tBu2DAD)2 was prepared according to a literature procedure92 and formic 

acid was purchased from Sigma Aldrich. In initial growth trials, the source temperature for 

Co(tBu2DAD)2 was found to be optimum at 130 °C under the reactor pressure. Substrate 

temperatures were varied between 160 and 240 °C. Nitrogen was used as both the carrier 

and purge gas and was purified from ambient air using a Texol GeniSys nitroGenerator. 

Film growth experiments used to assess selectivity were performed using the pulse 

sequence Co(tBu2DAD)2 (5.0 s)/N2 purge (10.0 s)/formic acid (0.2 s)/N2 purge (10.0 s) at 

180 °C that was established in our previous report of cobalt metal ALD from Co(tBu2DAD)2  

and formic acid.82 For the selectivity temperature window experiments, the same pulse and 

purge sequence was used, but the deposition temperatures were varied as described in the 

text. ALD growth studies were performed on Ru (13 nm)/TaN (2 nm)/SiO2 (100 

nm)/Si(100), Cu (33 nm)/TaN (7 nm)/SiO2 (100 nm)/Si(100), Pt (10 nm)/SiO2 (100 

nm)/Si(100), Si(100) with native oxide, Si-H, thermal SiO2 (100 nm)/Si(100), and CDO 

(~40 nm)/SiO2 (100 nm)/Si(100) substrates. Si-H substrates were prepared by treating 
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Si(100) with native oxide substrates with a 2% aqueous HF solution, followed by rinsing 

with deionized water and then drying with a stream of clean, dry air. The other substrates 

were used as received, except that they were rinsed sequentially with isopropanol and 

deionized water and then were dried with a stream of clean, dry air. One substrate of each 

kind, a 2 x 2 cm2 coupon, was used in each experiment. 

 Film thicknesses were determined using cross-sectional SEM collected on a JEOL-

6510LV electron microscope. The growth rates were determined by dividing the measured 

film thicknesses by the number of deposition cycles. Film thicknesses were measured at a 

minimum of three positions on each film to evaluate the uniformity. EDS was carried out 

on the JEOL-6510LV electron microscope using an Ametek EDAX system with Genesis 

Spectrum software. The accelerating voltage for the EDS measurements was 6 kV. AFM 

measurements were conducted using a VEECO Dimension 3100 operated in the tapping 

mode. XPS measurements were conducted using an Al Kα (1486.6 eV) X-ray source at a 

chamber base pressure of 10−10 Torr. Spectra were recorded using a 16-channel detector 

with a hemispherical analyzer. Sputtering was performed using argon ions supplied by an 

argon sputter gun positioned at a 45° angle with respect to the substrate normal. Each 

sample was sputtered over a 2 x 2 mm2 area and measured over a 0.8 x 0.8 mm2 area. 

Cobalt and copper metal standards were sputtered with 5 kV argon ions. An uncoated 

platinum substrate (Pt (10 nm)/SiO2 (100 nm)/Si(100)) was used as a standard for platinum 

and was sputtered with 3 keV argon ions. The ALD-grown cobalt films on copper and 

platinum were sputtered with 3 keV argon ions. Sheet resistivity measurements were 

obtained using a Jandel 4-point probe in combination with a Keithley 2400 SourceMeter 



63 

 

 

 

and a Keithley 2182A Nanovoltmeter. Infrared spectra were obtained on a Shimadzu 

IRTracer-100 spectrophotometer. All films grown on metal substrates passed the Scotch 

tape test.  
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CHAPTER 3 LOW TEMPERATURE GROWTH AND SUBSTRATE 

SELECTIVITY OF COBALT METAL THIN FILMS BY THERMAL ATOMIC 

LAYER DEPOSITION FROM BIS(1,4-DI-TERT-BUTYL-1,3-

DIAZADIENYL)COBALT AND ALKYL AMINES 

3.1 Introduction 

 

The inherently selective process of ALD growth of cobalt metal from Co(tBu2DAD)2 

and formic acid preferentially deposits on metallic substrates over non-metallic 

substrates.34 This process affords not only excellent quality metallic cobalt thin films, but 

also desirable selectivity for applications of cobalt described in Chapter 1. However, formic 

acid is highly corrosive and can lead to damage of substrates and reactor parts, making it 

an undesirable co-reagent that could limit use of this deposition method in industrial 

manufacturing. It is imperative that a less corrosive ALD co-reactant be found as a suitable 

alternative to formic acid while still yielding high-purity cobalt metal, with high selectivity 

by low temperature ALD. 

In this chapter, the growth of metallic cobalt was demonstrated on a variety of 

substrates using Co(tBu2DAD)2 and tert-butyl amine as precursors (Figure 27).  When using 

tert-butyl amine, a growth rate of 0.98 Å/cycle was achieved in the ALD window of 170 – 

200 °C. The resultant films were continuous, featured high-purity metallic cobalt films, 

and exhibited low resistivity values when grown on a metallic substrates. Trial depositions 

using other alkyl amines are also discussed in this chapter. 
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Figure 27. General reaction scheme for the deposition of cobalt metal thin films from 

Co(tBu2DAD)2 and tert-butyl amine by thermal ALD. 

 

3.2 Results and Discussion 

3.2.1 Low Temperature ALD Study of Cobalt Metal from Co(tBuDAD)2 and tert-

butyl Amine 

 

Experiments to demonstrate ALD growth of metallic cobalt using Co(tBu2DAD)2 

and tert-butyl amine were performed on platinum substrates. First, self-limiting growth 

was established by varying the pulse length of one co-reagent at a time while keeping all 

other conditions constant, then plotting the growth rate as a function of precursor pulse 

length. Experiments to evaluate Co(tBu2DAD)2 saturation used a pulsing sequence of 

Co(tBu2DAD)2 (varied), purge (10.0 s), tert-butyl amine (0.2 s), purge (10.0 s) for 200 

cycles, at a deposition temperature of 200 °C.  Self-limited growth was observed after ≥ 

3.0 s pulse lengths of Co(tBu2DAD)2, as evidenced by a constant growth rate of 0.98 Å/cycle 

(Figure 28). Saturation of tert-butyl amine was determined by varying the pulse length of 

tert-butyl amine, keeping all other deposition parameters constant. These experiments used 

a pulsing sequence of Co(tBu2DAD)2 (4.0 s), purge (10.0 s), tert-butyl amine (varied), purge 

(10.0 s) for  200 cycles, at a deposition temperature of 200 °C.  Self-limited growth was 

observed after ≥ 0.1 s pulse lengths of tert-butyl amine, as evidenced by a constant growth 

rate of 0.98 Å/cycle (Figure 29).  
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Figure 28. Plot of growth rate of cobalt metal on platinum substrates versus pulse length 

of Co(tBu2DAD)2 after 200 cycles, using Co(tBu2DAD)2 and tert-butyl amine as precursors. 
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Figure 29. Plot of growth rate of cobalt metal on platinum substrates versus pulse length 

of tert-butyl amine after 200 cycles, using Co(tBu2DAD)2 and tert-butyl amine as 

precursors. 

 

To assess temperature dependence, experiments to construct an ALD window were 

performed. Films were grown using a saturative pulsing sequence of Co(tBu2DAD)2 (4.0s), 

purge (10.0 s), tert-butyl amine (0.1 s), purge (10.0 s) at temperatures within 160 – 220 °C, 

each for 200 cycles. Due to the decomposition temperature of Co(tBu2DAD)2 (235 °C) 

higher temperatures were not evaluated.92 A constant growth rate of 0.98 Å/cycle was 

observed between 170 – 200 °C for films deposited on platinum substrates (Figure 30). 

Cross-sectional SEM images revealed uniform, continuous films deposited on platinum in 

the ALD window.  
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Figure 30. Plot of growth rate versus deposition temperature for cobalt metal growth on 

platinum substrates after 200 cycles using Co(tBu2DAD)2 and tert-butyl amine. 

 

To evaluate the growth of this process as a function of number of ALD cycles, the 

same saturative dose pulsing sequence used for the ALD window determination was used, 

at a deposition temperature of 200 °C, while varying the number of cycles. The resulting 

plot shows a slope of 0.98 Å/cycle on platinum from 25 – 1000 cycles (Figure 31). The y-

intercept of 0.095 is within experiment error of zero, indicating that as few as 25 cycles are 

needed to achieve normal ALD growth without a nucleation delay. Fewer than 25 

deposition cycles was not explored, since the cross-sectional SEM measurements are 

limited by a minimum film thickness of ~2 nm. 
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Figure 31. Plot of thickness versus number of cycles for cobalt metal growth on platinum 

substrates at 200 °C using Co(tBu2DAD)2 and tert-butyl amine. 

 

3.2.2 Characterization of Films Deposited by ALD using Co(tBuDAD)2 and tert-

butyl amine 

 

XRD was performed on a ~50 nm cobalt film grown on a platinum substrate to 

assess the degree of crystallinity of the as-deposited film (Figure 32). The XRD pattern 

displayed reflections consistent with that of crystalline cobalt metal (PDF#00-001-1254) 

with the remaining peaks consistent with that of the previously determined XRD pattern 

for the bare substrate. 
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Figure 32. X-ray diffraction pattern for ~50 nm thick cobalt metal film grown on a 

platinum substrate at 200 °C using Co(tBu2DAD)2 and tert-butyl amine. 
 

 

AFM was performed to examine the surface topologies of films of different 

thicknesses (~10 nm, 100 cycles and ~100 nm, 1000 cycles) grown on platinum substrates. 

The uncoated platinum substrate has been previously measured to have an rms roughness 

value of 0.19 nm.34 The ~10 nm thick film had an rms roughness value of 0.22 nm over the 

full 5 x 5 μm2 area (Figure 33), which corresponds to 2.2% of the total film thickness. The 

~100 nm thick film had an rms roughness value of 3.07 nm over the full 5 x 5 μm2 area 

(Figure 34), which corresponds to 3.07% of the total film thickness. These rms roughness 

values indicate that over a wide span of thicknesses, the as-deposited films from this 

process are extremely smooth.  
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Figure 33. Atomic force microscopy 5 x 5 μm2 area image of a ~10 nm thick cobalt metal 

film (100 cycles) grown on a platinum substrate at 200 °C using Co(tBu2DAD)2 and tert-

butyl amine; rms roughness = 0.22 nm. 
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Figure 34. Atomic force microscopy 5 x 5 μm2 area image of an ~100 nm thick cobalt 

metal film (1000 cycles) grown on a platinum substrate at 200 °C using Co(tBu2DAD)2 and 

tert-butyl amine; rms roughness = 3.07 nm. 

 

 

XPS was performed on samples deposited on platinum substrates at different 

deposition temperatures (170 and 200 °C) to assess the composition of the cobalt metal 

films grown over the span of the ALD window. A ~50 nm cobalt film (500 cycles) grown 

at 170 °C and a ~100 nm cobalt film (1000 cycles) grown at 200 °C were analyzed. 

Analysis of the high-resolution multiplex of the Co 2p core shell revealed binding energies 

which correspond to metallic cobalt (Co 2p3/2 778.11 eV and Co 2p1/2 793.15 eV) after as 

little as 0.5 minutes of sputtering, for both samples (Figure 35a,b). These binding energies 
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are consistent with values obtained from a cobalt metal standard (Co 2p3/2 778.11 eV and 

Co 2p1/2 793.15 eV) (Figure 35c).  XPS depth profiling was performed to assess the 

elemental composition of the films, which revealed > 98% pure cobalt metal upon 

sputtering, with trace impurities (< 1% each) of carbon, oxygen, and nitrogen (Figure 36). 

After 10 minutes of sputtering, of platinum and cobalt is observed, which may correspond 

to the formation of an interfacial alloy.34 

Figure 35. High-resolution XPS multiplex of cobalt 2p region of a) 50 nm and b) 100 nm 

thick cobalt film grown on platinum using Co(tBu2DAD)2 and  tert-butyl amine; c) reference 

cobalt film. 
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Figure 36. a) XPS depth profile and b) elemental compositions of a ~100 nm thick cobalt 

film grown on platinum at 200 °C, using Co(tBu2DAD)2 and  tert-butyl amine. 
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3.2.3 Description of Growth of Cobalt Metal on Metallic Substrates 

 The  early stages of growth of metallic  cobalt  was  assessed  on  a  variety  of  

metallic substrates (platinum, copper, and ruthenium),  using  Co(tBu2DAD)2 and  tert-butyl 

amine as precursors (Figure 37). These experiments used the previously established 

saturative pulsing sequence of Co(tBu2DAD)2 (4.0 s), purge (10.0 s), tert-butyl amine (0.2 

s), purge (10.0 s) for 25 – 500 cycles.    Linear growth (0.98 Å/cycle) on platinum and 

copper substrates was observed for ≥ 25 cycles (~ 2.5 nm), and showed no nucleation delay. 

Growth of metallic cobalt films on ruthenium showed a delay in normal growth behavior 

before 200 cycles. The observed delay in normal growth on ruthenium is likely due to 

b 

Sputter Time (min) Co2p Pt4f O1s C1s N1s Si2p

0.0 12.3 0.0 32.8 54.9 0.0 0.0

0.5 78.3 0.1 18.0 2.7 0.9 0.0

1.0 93.2 0.2 3.7 2.4 0.5 0.0

2.0 96.3 0.1 0.6 2.1 0.9 0.0

3.0 97.7 0.0 0.3 1.6 0.4 0.0

4.0 98.1 0.0 0.6 0.9 0.4 0.0

5.0 97.6 0.0 0.6 1.4 0.4 0.0

6.0 96.9 0.0 0.9 1.6 0.6 0.0

7.0 97.7 0.0 0.9 0.8 0.6 0.0

8.0 97.0 0.2 1.0 1.4 0.4 0.0

9.0 96.7 0.6 1.0 1.3 0.4 0.0

10.0 93.2 5.3 0.8 0.5 0.2 0.0

11.0 70.8 23.4 5.8 0.0 0.0 0.0

12.0 29.9 28.2 26.7 0.0 0.0 15.2

13.0 8.5 16.1 48.7 0.0 0.0 26.7

14.0 2.6 7.1 57.9 0.0 0.0 32.4

15.0 1.1 3.3 61.6 0.0 0.0 34.0
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oxidation of the substrate surface, which is then reduced during the initial cycles, as 

described in Chapter 2.34 Thicknesses were confirmed by cross-sectional SEM on platinum, 

copper, and ruthenium substrates (Figure 38). 

Figure 37. Plot of thickness versus number of cycles for the early growth stages of cobalt 

metal on ruthenium, copper, and platinum substrates at 200 °C using Co(tBu2DAD)2 and 

tert-butyl amine. 
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Figure 38. Cross-sectional SEM of a 20 nm thick cobalt metal film grown at 200 °C, on a) 

a platinum substrate b) a copper substrate. 
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Bulk resistivities were measured for cobalt films deposited on platinum, copper, 

and ruthenium substrates (Table 3). Bulk resistivity was calculated as the product of sheet 

resistivity and film thickness.  Bulk resitivities of cobalt films grown on platinum and 

copper at the early stages of growth suggest the formation of interfacial alloys.34 In 

contrast, the resistivities of cobalt films grown on ruthenium at the early stages of growth 

match that of the bare ruthenium substrate, along with no growth observed by SEM, 

suggesting no formation of alloys. After 200 cycles, the resistivities of cobalt films grown 

on all of the metallic substrates are similar to that of resistivity value of 13.9 – 19.1 µΩ cm 

for a ~100 nm thick cobalt film grown on a platinum substrate.  
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Table 3. Resistivities of cobalt films grown on metallic substrates using Co(tBu2DAD)2 and  

tert-butyl amine. 

 

Cycles Rutheniuma,b Coppera,c Platinuma,d 

25 55.8 1.7 46.9 

50 55.4 1.7 44.7 

100 48.6 2.3 36.8 

200 19.1 13.9 18.9 

500 15.5 14.4 14.2 

aValues are in µ cm.  
bThe measured resistivity of the uncoated ruthenium substrate is 52.1 µ cm.  
cThe measured resistivity of the uncoated copper substrate is 1.7 µ cm.  
dThe measured resistivity of the uncoated platinum substrate is 42.6 µ cm. 

 

3.2.4 Description of Attempted Growth of Metallic Cobalt on Non-Metallic Substrates 

Film growth was attempted, under ALD conditions described previously in this 

chapter, on Si(100), SiO2, Si-H, and CDO substrates. Films were not observed by SEM 

on any of these non-metallic substrates. The absence of cobalt metal films on these 

substrates up to 500 cycles was confirmed by cross-sectional SEM and EDS (Figure 39). 
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Figure 39. a) Cross-sectional SEM of a CDO substrate after 500 deposition cycles at 200 

°C b) EDS of a CDO substrate after 500 deposition cycles at 200 °C. 
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The temperature dependence of substrate-selectivity of this process, known as the 

selectivity window, was explored. A series of 200-cycle depositions was carried out with 

the saturative precursor recipe of Co(tBu2DAD)2 (4.0 s), purge (10.0 s), tert-butyl amine 

(0.2 s), purge (10.0 s), at varying temperatures. Since applications for selective depositions 

will require ≤ 20 nm of cobalt metal, and the observed growth rate for this process is ~1.0 

Å/cycle, a 200 cycle limit was imposed to provide relevant insights. The depositions were 

carried out from 160 – 220 °C (Figure 40). None of the deposition temperatures resulted 

in the deposition of cobalt on any of the non-metallic substrates. The absence of cobalt 

metal films on these substrates was confirmed by cross-sectional SEM and EDS.  
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Figure 40. Area-selective ALD temperature windows, where no growth was observed on 

Si(100), Si-H, and CDO substrates after 200 cycles. 

 

3.2.5 Trial Depositions for Cobalt Metal using Co(tBu2DAD)2 and Other Alkyl Amines 

The growth of metallic cobalt was explored using diethyl amine and triethyl amine 

as alternative amine precursors. Films were grown using the pulsing sequence 

Co(tBu2DAD)2 (4.0 s), purge (10.0 s), diethyl amine (0.2 s)/ triethyl amine (0.2 s), purge 

(10.0 s) at a deposition temperature of 200°C, for 200 cycles. A growth rate of 0.97 Å/cycle 

was observed using diethyl amine on platinum substrates. (Figure 41a). The bulk 

resistivity of the resulting film was 21.3 µΩ cm. Films growth was not observed by cross-

sectional SEM on Si(100), SiO2, Si-H, and CDO substrates, and no further investigation 

was conducted on this process. Similarly, cobalt metal depositions on platinum substrates 

using triethylamine as a precursor resulted in no observable films (as confirmed by cross-

sectional SEM) (Figure 41b).  No further investigation was pursued. 
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Figure 41. Cross-sectional SEM after 200 deposition cycles at 200 °C using Co(tBu2DAD)2 

and a) diethyl amine b) triethyl amine. 

 



86 

 

 

 

 

3.2.6 Effects of the Purity of the N2 Carrier Gas on Film Growth 

 Initial experiments for the deposition of metallic cobalt using Co(tBu2DAD)2 and 

tert-butyl amine were performed using N2 purified from ambient air, produced from a 

nitrogen generator, as the carrier and purge gas. The exact purity of the produced N2 was 

not determined, but was < 99.999% N2, with trace impurities of oxygen. Films were grown 

using the pulsing sequence Co(tBu2DAD)2 (4.0 s), purge (10.0 s), tert-butyl amine (0.2 s), 

purge (10.0 s) at a deposition temperature of 200°C, for a varying number of cycles. The 

growth rate obtained using the lower purity carrier gas was 0.33 Å/cycle (Figure 42). In 

contrast, the growth rate obtained with the ultra-high purity carrier gas was 0.98 Å/cycle. 
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The difference in growth rate for this process, with only the purity of the carrier gas 

varying, is likely due to the formation of cobalt (II) oxide in the deposited film. The 

presence of cobalt (II) oxide inhibits growth of the metallic cobalt film, since this process 

shows inherent selectivity for deposition on metallic substrates over non-metallic 

substrates. XPS analysis of a 100 nm thick cobalt film reveals oxidation throughout the 

film, even after eight minutes of argon ion sputtering (Figure 43). These results show the 

significant impact that the purity of the carrier gas has on the process using Co(tBu2DAD)2 

and tert-butyl amine to deposit thin films of metallic cobalt. 

Figure 42. Plot of thickness versus number of cycles for cobalt metal growth on platinum 

substrates at 200 °C using Co(tBu2DAD)2 and tert-butyl amine, using lower purity N2 carrier 

gas. 
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Figure 43. High-resolution XPS multiplex of cobalt 2p region of an 100 nm thick cobalt 

film grown on platinum, at 200 °C, using N2 produced by a nitrogen generator, 

Co(tBu2DAD)2, and  tert-butyl amine. 

 

3.3 Conclusions 

The growth of cobalt metal by low temperature thermal ALD from Co(tBu2DAD)2 

and tert-butyl amine at 200 °C on various substrates was demonstrated. On platinum and 

copper substrates, a linear growth rate of 0.98 Å/cycle from 25 – 500 cycles was observed 

for plots of thickness versus the number of cycles. The y-intercept for this plot was within 

experimental error of zero, indicating no nucleation delay, with normal growth observed 

for as little as 2.5 nm of cobalt on platinum and copper substrates. Growth on ruthenium 

substrates showed a delay of 200 cycles before a normal growth rate was observed, with 

no films observed after 25 and 50 cycles. As described in previous work (Chapter 2), rapid 

growth is observed between 100 and 200 cycles, which suggests the occurrence of 

decomposition growth at the early stages of growth, and is likely due to surface oxidation 
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of the ruthenium substrate. Cobalt metal films on platinum substrates after 100 cycles (~10 

nm thick) and 1000 cycles (~100 nm) were analyzed by AFM, with respective rms surface 

roughnesses of 0.22 nm (2.2% of total thickness), and 3.07 nm (3.1% of total thickness). 

The rms roughness values show that these films are smooth and continuous over a wide 

range of thicknesses. XPS analyses reveal that this process deposits high-purity cobalt 

metal. Films grown on ruthenium, platinum, and copper substrates showed low resistivities 

of < 20 μΩ cm after 200 cycles. Growth of cobalt metal by this process is inherently 

selective for growth on metallic substrates over non-metallic substrates, with no film 

growth observed after 500 cycles on Si(100), Si-H, thermal SiO2 and CDO substrates. 

Selective deposition of cobalt metal on metallic substrates over non-metallic substrates 

occurs over a selectivity window of 160 – 220 °C.  

3.4 Experimental Section 

A Picosun R-75BE ALD reactor was used for the thin film deposition experiments. 

Ultra-high purity nitrogen (99.999%, purchased from Airgas) was used as the carrier and 

purge gas for all depositions, with the exception of the depositions performed to assess the 

effect of the purity of the carrier gas. Nitrogen (< 99.999%) was used as both the carrier 

and purge gas and was purified from ambient air using a Texol GeniSys nitroGenerator, 

for experiments assessing the effect of the purity of the carrier gas. The ALD reactor had a 

constant flow of the same ultra-high purity nitrogen in the deposition chamber for all 

depositions, with a pressure of 6 – 9 Torr. The low-temperature ALD of metallic cobalt 

thin films was performed using Co(tBu2DAD)2 and tert-butyl amine as precursors. 

Co(tBu2DAD)2 was prepared according to a literature procedure.92 All alkyl amines used in 
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depositions (tert-butyl amine, diethyl amine, and trimethylamine) were purchased from 

Sigma Aldrich. In initial growth trials, the source temperature for Co(tBu2DAD)2  was found 

to be optimum at 130 °C under the reactor pressure, and Co(tBu2DAD)2 was delivered by a 

Picosun solid state booster, while tert-butyl amine was delivered by a vapor-draw ampule 

at 20 °C. Substrate temperatures were varied between 160 and 220 °C. Film growth 

experiments used to assess selectivity were performed using the pulse sequence 

Co(tBu2DAD)2 (4.0 s)/N2 purge (10.0 s)/tert-butyl amine (0.2 s)/N2 purge (10.0 s) at 200 

°C. For the selectivity temperature window experiments, the same pulse and purge 

sequence was used, but the deposition temperatures were varied from 160 – 220 °C. ALD 

growth studies were performed on Ru (13 nm)/TaN (2 nm)/SiO2 (100 nm)/Si(100), Cu (33 

nm)/TaN (7 nm)/SiO2 (100 nm)/Si(100), Pt (10 nm)/SiO2 (100 nm)/Si(100), Si(100) with 

native oxide, Si-H, thermal SiO2 (100 nm)/Si(100), and CDO (~40 nm)/SiO2 (100 

nm)/Si(100) substrates. Si-H substrates were prepared by treating Si(100) with native oxide 

substrates with a 2% aqueous HF solution, followed by rinsing with deionized water and 

then drying with a stream of clean, dry air. The other substrates were used as received, 

except that they were rinsed sequentially with isopropanol and deionized water and then 

were dried with a stream of clean, dry air. One substrate of each kind, a 2 x 2 cm2 coupon, 

was used in each experiment. 

 Film thicknesses were determined using cross-sectional SEM collected on a JEOL-

6510LV electron microscope. The growth rates were determined by dividing the measured 

film thicknesses by the number of deposition cycles. Film thicknesses were measured at a 

minimum of three positions on each film to evaluate the uniformity. EDS was carried out 
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on the JEOL-6510LV electron microscope using an Ametek EDAX system with Genesis 

Spectrum software. The accelerating voltage for the EDS measurements was 6 kV. AFM 

measurements were conducted using a Bruker BioScope Catalyst AFM using contact 

mode. XPS measurements were conducted using an Al Kα (1486.6 eV) X-ray source at a 

chamber base pressure of 10−10 Torr. Spectra were recorded using a 16-channel detector 

with a hemispherical analyzer. Sputtering was performed using argon ions supplied by an 

argon sputter gun positioned at a 45° angle with respect to the substrate normal. Each 

sample was sputtered over a 2 × 2 mm2 area and measured over a 0.8 × 0.8 mm2 area. 

Cobalt metal standards were sputtered with 5 keV argon ions. An uncoated platinum 

substrate (Pt (10 nm)/SiO2 (100 nm)/Si(100)) was used as a standard for platinum and was 

sputtered with 3 keV argon ions. The ALD-grown cobalt films on platinum were sputtered 

with 3 keV argon ions. Sheet resistivity measurements were obtained using a Jandel 4-

point probe in combination with a Keithley 2400 SourceMeter and a Keithley 2182A 

Nanovoltmeter. All films grown on metal substrates passed the Scotch tape test.  
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CHAPTER 4 LOW TEMPERATURE GROWTH AND SUBSTRATE 

SELECTIVITY OF NICKEL METAL THIN FILMS BY THERMAL ATOMIC 

LAYER DEPOSITION FROM BIS(1,4-DI-TERT-BUTYL-1,3-

DIAZADIENYL)NICKEL AND ALKYL AMINES  

4.1 Introduction 

 

The growth of nickel metal thin films by ALD has received growing interest due to 

the applications in microelectronic devices as electrodes and contacts in transistors,85 as a 

precursor material for NiSi and NiSi2,
85 and as seed layers for copper deposition.86 

Although nickel metal thin films have been deposited by various methods described in 

Chapter 1, few thermal ALD methods have been reported. Since the Co2+ and Ni2+ have 

similar electrochemical potentials of -0.28V and -0.26V to their metallic species,54 

respectively, we hypothesized that the use of alkyl amines would afford an analogous 

thermal ALD process for nickel metal from Ni(tBu2DAD)2. 

In this chapter, the growth of metallic nickel was demonstrated on a variety of 

substrates using Ni(tBu2DAD)2 and tert-butyl amine as precursors (Figure 44).  When using 

tert-butyl amine, a growth rate of 0.60 Å/cycle was achieved in the ALD window of 180 – 

195 °C. The resultant films were continuous, featured high-purity metallic nickel films, 

and exhibited low resistivity values when grown on a metallic substrates. Trial depositions 

using other alkyl amines are also discussed in this chapter. 
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Figure 44. General reaction scheme for the deposition of nickel metal thin films from 

Ni(tBu2DAD)2 and tert-butyl amine by thermal ALD. 

 

4.2 Results and Discussion 

4.2.1 Low Temperature ALD Study of Nickel Metal from Ni(tBu2DAD)2 and tert-

butyl Amine 

 

Experiments to demonstrate ALD growth of metallic nickel using Ni(tBu2DAD)2 

and tert-butyl amine were performed on platinum substrates. First, self-limiting growth 

was established by varying the pulse length of one co-reagent at a time while keeping all 

other conditions constant, then plotting the growth rate as a function of precursor pulse 

length. Experiments to evaluate Ni(tBu2DAD)2 saturation used a pulsing sequence of 

Ni(tBu2DAD)2 (varied), purge (10.0 s), tert-butyl amine (0.2 s), purge (10.0 s) for 500 

cycles, at a deposition temperature of 180 °C.  Self-limited growth was observed after ≥ 

4.0 s pulse lengths of Ni(tBu2DAD)2, as evidenced by a constant growth rate of 0.60 Å/cycle 

(Figure 45). Saturation of tert-butyl amine was determined by varying the pulse length of 

tert-butyl amine, keeping all other deposition parameters constant. These experiments used 

a pulsing sequence of Ni(tBu2DAD)2 (5.0 s), purge (10.0 s), tert-butyl amine (varied), purge 

(10.0 s) for  500 cycles, at a deposition temperature of 180 °C.  Self-limited growth was 

observed after ≥ 0.1 s pulse lengths of tert-butyl amine, as evidenced by a constant growth 

rate of 0.60 Å/cycle (Figure 46).  
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Figure 45. Plot of growth rate of nickel metal on platinum substrates versus pulse length 

of Ni(tBu2DAD)2 after 500 cycles, using Ni(tBu2DAD)2 and tert-butyl amine as precursors. 
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Figure 46. Plot of growth rate of nickel metal on platinum substrates versus pulse length 

of tert-butyl amine after 500 cycles, using Ni(tBu2DAD)2 and tert-butyl amine as precursors. 

 

To assess temperature dependence, experiments to construct an ALD window were 

performed. Films were grown using a saturative pulsing sequence of Ni(tBu2DAD)2 (5.0 s), 

purge (10.0 s), tert-butyl amine (0.1 s), purge (10.0 s) at temperatures within 160 – 220 °C, 

each for 250 cycles. Due to the decomposition temperature of 230 °C for Ni(tBu2DAD)2, 

higher temperatures were not evaluated.92 A constant growth rate of 0.60 Å/cycle was 

observed between 180 – 195 °C for films deposited on platinum substrates (Figure 47). 

Cross-sectional SEM images revealed uniform, continuous films deposited on platinum in 

the ALD window.  
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Figure 47. Plot of growth rate versus deposition temperature for nickel metal growth on 

platinum substrates after 250 cycles using Ni(tBu2DAD)2 and tert-butyl amine. 

 

To evaluate the growth of this process as a function of number of ALD cycles, the 

same saturative dose pulsing sequence used for the ALD window determination was used, 

at a deposition temperature of 180 °C, while varying the number of cycles. The resulting 

plot shows a slope of 0.60, which corresponds to a constant growth rate of 0.60 Å/cycle on 

platinum from 25 – 1000 cycles (Figure 48). The y-intercept of 1.22 is within experimental 

error of zero, indicating that as few as 50 cycles (~3.0 nm) are needed to achieve normal 

ALD growth without a nucleation delay. 
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Figure 48. Plot of thickness versus number of cycles for nickel metal growth on platinum 

substrates at 200 °C using Ni(tBu2DAD)2 and tert-butyl amine. 

 

4.2.2 Characterization of Films Deposited by ALD using Ni(tBuDAD)2 and tert-

butyl Amine 

 

XRD was performed on a ~60 nm thick nickel film grown on a platinum substrate 

to assess the degree of crystallinity of the as-deposited film (Figure 49). The XRD pattern 

displayed reflections consistent with that of previously determined XRD pattern for the 

bare substrate. Nickel metal reflections appear in a similar region to the peak from the 

platinum substrate, making the information from this XRD spectrum inconclusive.  
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Figure 49. X-ray diffraction pattern for a ~60 nm thick nickel metal film grown on a 

platinum substrate at 180 °C using Ni(tBu2DAD)2 and tert-butyl amine. 

 

 

AFM was performed to examine the surface topologies of nickel films of different 

thicknesses (~18 nm and ~60 nm) grown on platinum substrates. The uncoated platinum 

substrate has been previously measured to have an rms roughness value of 0.19 nm.34 The 

~18 nm thick film had an rms roughness value of 0.45 nm over the full 5 x 5 μm2 area 

(Figure 50), which corresponds to 2.5% of the total film thickness. The ~60 nm thick film 

had an rms roughness value of 1.52 nm over the full 5 x 5 μm2 area (Figure 51), which 

corresponds to 2.5% of the total film thickness. These rms roughness values indicate that 

over a wide span of thicknesses, the as-deposited films from this process are extremely 

smooth.  
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Figure 50. Atomic force microscopy 5 x 5 μm2 area image of a ~18 nm thick nickel metal 

film grown on a platinum substrate at 180 °C using Ni(tBu2DAD)2 and tert-butyl amine; 

rms roughness = 0.45 nm. 
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Figure 51. Atomic force microscopy 5 x 5 μm2 area image of a ~60 nm thick nickel metal 

film grown on a platinum substrate at 180 °C using Ni(tBu2DAD)2 and tert-butyl amine; 

rms roughness = 1.52 nm. 

 

XPS was performed to assess the purity and elemental composition of the as-

deposited films of different thicknesses of nickel films (~18 nm and ~60 nm) grown on 

platinum substrates, at 180 °C. Analysis of the high-resolution multiplex of the Ni 2p core 

shell reveals binding energies which correspond with metallic nickel (Ni 2p3/2 851.25 eV 

and Ni 2p1/2 869.99 eV) after as little as 0.5 minutes of sputtering, for both samples (Figure 

52a,b). These binding energies are consistent with values obtained from a nickel metal 

standard (Ni 2p3/2 851.25 eV and Ni 2p1/2 869.99 eV) (Figure 52c).  XPS depth profiling 
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was performed to assess the elemental composition of the films. The ~18 nm thick film 

was analyzed to assess whether intermixing of the nickel film and platinum substrate 

occurred. Significant amounts of platinum ( > 10%) were observed immediately upon 

sputtering for 0.5 min (Figure 53). This is suggestive of interfacial alloy formation, which 

was also seen in the analogous cobalt process described in Chapter 3, and the process using 

Co(tBu2DAD)2 and formic acid.34 The ~60 nm thick film was analyzed to assess purity of 

the deposited films, which revealed > 97% pure nickel metal upon sputtering, with trace 

impurities (< 1%) of carbon, oxygen, and nitrogen (Figure 54).  
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Figure 52. High-resolution XPS multiplex of nickel 2p region of a) 18 nm and b) 60 nm 

thick nickel film grown on platinum, at 180 °C, using Ni(tBu2DAD)2 and  tert-butyl amine; 

c) reference nickel film. 
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Figure 53. a) XPS depth profile and b) elemental compositions of an 18 nm thick nickel 

film grown on platinum at 180 °C using Ni(tBu2DAD)2 and  tert-butyl amine. 
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b 

Sputter Time (min) Ni2p Pt4d O1s C1s N1s Si2p

0.0 30.2 1.8 33.2 33.9 0.9 0.0

0.5 86.5 11.2 0.0 1.9 0.4 0.0

1.0 80.6 10.9 4.0 1.5 0.3 2.6

1.5 64.3 20.3 8.2 1.3 0.0 5.8

2.0 34.3 37.5 14.5 0.0 0.0 13.7

2.5 10.2 39.1 30.5 0.0 0.0 20.1

3.0 2.1 25.1 43.6 0.0 0.0 29.2



106 

 

 

 

Figure 54. XPS depth profile of a 60 nm thick nickel film grown on platinum at 180 °C 

using Ni(tBu2DAD)2 and  tert-butyl amine.  
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4.2.3 Description of Growth of Nickel Metal on Metallic Substrates 

 The  early stages of growth of metallic  nickel  were  demonstrated  on  a  variety  

of  metallic substrates (platinum, copper, and ruthenium)  using  Ni(tBu2DAD)2 and  tert-

butyl amine as precursors. These experiments used a previously established saturative 

pulsing sequence of Ni(tBu2DAD)2 (5.0 s), purge (10.0 s), tert-butyl amine (0.2 s), purge 

(10.0 s) for 50 – 1000 cycles.  Film growth as a function of number of cycles was analyzed, 

with thicknesses confirmed by cross-sectional SEM, on platinum, copper, and ruthenium 

(Figure 55).  Linear growth was observed on platinum substrates ≥ 50 cycles (~ 3.0 nm), 

b 

Sputter Time (min) Ni2p Pt4d O1s C1s N1s Si2p

0.0 29.8 0.0 32.5 36.1 1.6 0.0

0.5 96.0 1.4 0.6 1.5 0.5 0.0

1.0 97.1 0.6 0.7 1.3 0.3 0.0

1.5 96.8 0.5 1.0 1.3 0.4 0.0

2.0 97.2 0.4 1.1 0.9 0.4 0.0

2.5 97.2 0.4 1.7 0.4 0.3 0.0

3.0 97.3 0.4 1.5 0.5 0.3 0.0

3.5 97.1 0.6 1.2 0.9 0.2 0.0

4.0 96.5 0.9 1.6 0.6 0.4 0.0

4.5 95.6 1.4 2.0 0.7 0.3 0.0

5.0 95.1 1.7 1.8 0.7 0.2 0.4

5.5 92.9 3.1 2.3 0.9 0.2 0.6

6.0 87.0 8.1 2.7 1.2 0.2 0.9

6.5 75.8 16.3 3.9 0.6 0.0 3.4

7.0 59.8 26.0 7.5 0.3 0.0 6.3

7.5 40.7 29.6 15.8 0.0 0.0 13.9

8.0 27.1 28.6 25.9 0.0 0.0 18.4

8.5 15.2 24.4 38.1 0.0 0.0 22.3

9.0 8.2 19.1 45.3 0.0 0.0 27.4

9.5 6.7 14.1 50.1 0.0 0.0 29.2

10.0 3.6 10.5 55.6 0.0 0.0 30.4
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showing no nucleation delay for this process on these substrates. Although linear growth 

was observed on platinum substrates, the growth on ruthenium and copper was not linear 

in relation to the number of cycles. Growth of metallic nickel films on ruthenium substrates 

shows a delay in growth before 250 cycles (growth rate of 0.12 Å/cycle), and varying 

growth rates at 500 (0.18 Å/cycle) and 1000 (0.44 Å/cycle) cycles. This delay in normal 

growth behavior has been observed for the analogous cobalt process (vide supra) and is 

likely due to oxidation of the substrate surface, which is then reduced during the initial 

cycles, as described in Chapter 2.34 Further depositions (1500 and 2000 cycles) will be 

explored to ascertain if ALD growth on ruthenium occurs. Growth of metallic nickel films 

on copper substrates shows high growth rates at the early stages of growth (1.6 Å/cycle) 

which tapers down significantly by 1000 cycles (0.59 Å/cycle). The peculiar growth 

behavior could be due to a catalytic reaction with the copper surface, where precursor 

interaction with the copper substrate is necessary for the reaction to proceed, with similar 

growth behavior previously reported for nickel metal grown on ruthenium.84 Further 

depositions (1500 and 2000 cycles) will be explored to ascertain if growth completely 

ceases, as with the prior report.84 This growth behavior could also be due to oxidation or 

contaminants found on the copper surface,34 accordingly, further depositions will be 

explored by using surface pretreatments to clean the copper substrates before nickel 

deposition. 
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Figure 55. Plot of thickness versus number of cycles for the growth of nickel metal on 

ruthenium, copper, and platinum substrates at 180 °C using Ni(tBu2DAD)2 and tert-butyl 

amine. 

 

Bulk resistivities were measured for cobalt films deposited on platinum, copper, 

and ruthenium substrates (Table 4). Bulk resistivity was calculated as the product of sheet 

resistivity and film thickness.  The as deposited nickel films grown on platinum have low 

resistivities, with the resistivity for a 60 nm thick nickel film being 22.1 µΩ cm. For 

comparison, bulk resistivity of nickel metal at 22 °C is 6.99 µΩ cm.100 The resistivities of 

thinner (< 60 nm) nickel films grown on platinum have higher resistivities (~32 – 45 µΩ 

cm), likely due to the significant intermixing of the nickel and platinum layers as seen by 

XPS. The resistivities of nickel films grown on ruthenium at the early stages of growth 
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match that of the bare ruthenium substrate, indicating the absence of nickel metal. SEM 

images also support that no film growth is observed at less than 250 cycles. The delay in 

growth on ruthenium is likely due to surface oxidation of the ruthenium (vide supra). The 

resistivity of the nickel films on ruthenium after 1000 cycles is 30.6 µΩ cm, which is 

comparable to the nickel films grown on platinum of similar thickness (31.8 µΩ cm). The 

comparable resistivities suggest that the nickel films grown after 1000 cycles on ruthenium 

are similar in quality to the films grown on platinum. The resistivity measured for nickel 

metal films grown on copper after 1000 cycles is 22.9 µΩ cm, which is within experimental 

error of nickel films of similar thickness grown on platinum. Low resistivities are observed 

for nickel films grown on copper from 150 – 500 cycles as well (~27 – 37 µΩ cm). After 

50 growth cycles, the resistivity of the ~8 nm thick nickel film grown on copper is that of 

the copper substrate (1.7 µΩ cm), which is consistent with the conduction occurring 

through the lower resisitivity copper substrate. It is also possible that intermixing of the 

nickel and copper layers occur, which will be further investigated with XPS. 
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Table 4. Resistivities of nickel films grown on metallic substrates using Ni(tBu2DAD)2 and  

tert-butyl amine at 180 °C. 

Cycles Rutheniuma,b Coppera,c Platinuma,d 

50 53.0 1.7 44.8 

150 52.8 36.7 38.6 

250 51.1 34.2 36.8 

500 49.4 26.7 31.8 

1000 30.6 22.9 22.1 

aValues are in µ cm.  
bThe measured resistivity of the uncoated ruthenium substrate is 52.1 µ cm.  
cThe measured resistivity of the uncoated copper substrate is 1.7 µ cm.  
dThe measured resistivity of the uncoated platinum substrate is 42.6 µ cm. 

 

4.2.4 Description of Attempted Growth of Metallic Nickel on Non-Metallic Substrates 

The  growth of metallic  nickel  was  attempted  on  a  variety  of  non-metallic 

substrates (Si(100), SiO2, Si-H, and CDO)  using  Ni(tBu2DAD)2 and  tert-butyl amine as 

precursors. These experiments used a previously established saturative pulsing sequence 

of Ni(tBu2DAD)2 (5.0 s), purge (10.0 s), tert-butyl amine (0.2 s), purge (10.0 s) for 50 – 

1000 cycles. The absence of cobalt metal films on these substrates up to 1000 cycles was 

confirmed by cross-sectional SEM and EDS (Figure 56). 
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Figure 56. a) Cross-sectional SEM of a CDO substrate after 1000 deposition cycles at 

180 °C b) EDS of a CDO substrate after 1000 deposition cycles at 180 °C. 
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The temperature dependence of the substrate-selective deposition of this process, 

the selectivity window, was explored. A series of 250-cycle depositions were carried out 

with saturative precursor doses, Ni(tBu2DAD)2 (5.0 s), purge (10.0 s), tert-butyl amine (0.2 

s), purge (10.0 s), at varying temperatures. Since applications for selective depositions will 

require ≤ 20 nm of nickel metal, and the observed growth rate for this process is 0.60 

Å/cycle, a 250 cycle limit was imposed to provide relevant insight. The depositions were 

carried out from 160 – 220 °C (Figure 57). None of the attempted deposition temperatures 

resulted in the deposition of nickel on any of the non-metallic substrates, and the absence 

of nickel metal films on these substrates was confirmed by cross-sectional SEM and EDS.  
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Figure 57. Area-selective ALD temperature window, where no growth was observed on 

Si(100), Si-H, and CDO substrates after 250 cycles. 

 

4.2.5 Trial Depositions for Nickel Metal using Ni(tBu2DAD)2 and Other Alkyl amines 

The growth of metallic nickel was explored using diethyl amine and triethyl amine 

as a precursor alternative to tert-butyl amine. Films were grown using the pulsing sequence 

of Ni(tBu2DAD)2 (5.0 s), purge (10.0 s), diethyl amine (0.2 s)/ triethyl amine (0.2 s), purge 

(10.0 s) at a deposition temperature of 250°C, for 180 cycles. Nickel metal depositions on 

platinum substrates using diethyl amine and triethyl amine as a precursor resulted in no 

observable films (as confirmed by cross-sectional SEM).  No further investigation was 

pursued. 

4.3 Conclusions 

The growth of nickel metal by low temperature thermal ALD from Ni(tBu2DAD)2 

and tert-butyl amine at 180 °C on various substrates was demonstrated. On platinum 
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substrates, a linear growth rate of 0.60 Å/cycle from 50 – 1000 cycles was observed for 

plots of thickness as a function of the number of cycles. The y-intercept for this graph is 

within experimental error of zero, indicating no nucleation delay, with normal growth 

observed for as little as 3 nm of nickel on platinum substrates. Growth on ruthenium 

substrates showed a delay of 250 cycles before growth was observed, and is likely due to 

surface oxidation of the ruthenium substrate. Linear ALD growth of nickel metal on 

ruthenium and copper was not demonstrated, further depositions will be performed to 

determine if linear ALD growth occurs for this process on these substrates. Films of ~18 

nm and ~60 nm thick nickel metal on platinum substrates were analyzed by AFM, with 

rms surface roughnesses of 0.45 nm (2.5% of total thickness), and 1.52 nm (2.5% of total 

thickness), respectively, which show that these films are smooth and continuous over a 

wide range of thicknesses. XPS analyses reveal that this process deposits high-purity nickel 

metal (> 97%). Films grown on platinum and copper substrates showed low resistivities of 

~22 μΩ cm after 1000 cycles (~60 nm thick films). No film growth was observed after 

1000 cycles on Si(100), Si-H, thermal SiO2 and CDO substrates. Selective deposition of 

nickel metal on metallic substrates over non-metallic substrates occurs over a selectivity 

window of 160 – 220 °C.  

4.4 Experimental Section 

A Picosun R-75BE ALD reactor was used for the thin film deposition experiments. 

Ultra-high purity nitrogen (99.999%, purchased from Airgas) was used as the carrier and 

purge gas for all depositions. The ALD reactor had a constant flow of the same ultra-high 

purity nitrogen in the deposition chamber for all depositions, with a pressure of 6 – 9 Torr. 
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The low-temperature ALD of metallic nickel thin films was performed using Ni(tBu2DAD)2 

and tert-butyl amine as precursors. Ni(tBu2DAD)2 was according to a literature procedure.92 

All alkyl amines used in depositions (tert-butyl amine, diethyl amine, and triethyl amine) 

were purchased from Sigma Aldrich. In initial growth trials, the source temperature for 

Ni(tBu2DAD)2  was found to be optimum at 140 °C under the reactor pressure, and 

Ni(tBu2DAD)2 was delivered by a Picosun solid state booster, while tert-butyl amine was 

delivered by a vapor-draw ampule at 20 °C. Substrate temperatures were varied between 

160 and 220 °C. Film growth experiments used to assess selectivity were performed using 

the pulse sequence Ni(tBu2DAD)2 (4.0 s)/N2 purge (10.0 s)/tert-butyl amine (0.2 s)/N2 purge 

(10.0 s) at 200 °C. For the selectivity temperature window experiments, the same pulse and 

purge sequence was used, but the deposition temperatures were varied from 160 – 220 °C. 

ALD growth studies were performed on Ru (13 nm)/TaN (2 nm)/SiO2 (100 nm)/Si(100), 

Cu (33 nm)/TaN (7 nm)/SiO2 (100 nm)/Si(100), Pt (10 nm)/SiO2 (100 nm)/Si(100), Si(100) 

with native oxide, Si-H, thermal SiO2 (100 nm)/Si(100), and CDO (~40 nm)/SiO2 (100 

nm)/Si(100) substrates. Si-H substrates were prepared by treating Si(100) with native oxide 

substrates with a 2% aqueous HF solution, followed by rinsing with deionized water and 

then drying with a stream of clean, dry air. The other substrates were used as received, 

except that they were rinsed sequentially with isopropanol and deionized water and then 

were dried with a stream of clean, dry air. One substrate of each kind, a 2 x 2 cm2 coupon, 

was used in each experiment. 

 Film thicknesses were determined using cross-sectional SEM collected on a JEOL-

6510LV electron microscope. The growth rates were determined by dividing the measured 
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film thicknesses by the number of deposition cycles. Film thicknesses were measured at a 

minimum of three positions on each film to evaluate the uniformity. EDS was carried out 

on the JEOL-6510LV electron microscope using an Ametek EDAX system with Genesis 

Spectrum software. The accelerating voltage for the EDS measurements was 6 kV. AFM 

measurements were conducted using a Bruker BioScope Catalyst AFM using contact 

mode. XPS measurements were conducted using an Al Kα (1486.6 eV) X-ray source at a 

chamber base pressure of 10−10 Torr. Spectra were recorded using a 16-channel detector 

with a hemispherical analyzer. Sputtering was performed using argon ions supplied by an 

argon sputter gun positioned at a 45° angle with respect to the substrate normal. Each 

sample was sputtered over a 2 x 2 mm2 area and measured over a 0.8 x 0.8 mm2 area. 

Nickel metal standards were sputtered with 5 keV argon ions. An uncoated platinum 

substrate (Pt (10 nm)/SiO2 (100 nm)/Si(100)) was used as a standard for platinum and was 

sputtered with 3 keV argon ions. The ALD-grown cobalt films on platinum were sputtered 

with 3 keV argon ions. Sheet resistivity measurements were obtained using a Jandel 4-

point probe in combination with a Keithley 2400 SourceMeter and a Keithley 2182A 

Nanovoltmeter. All films grown on metal substrates passed the Scotch tape test.  
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CHAPTER 5 CONCLUSIONS 

 

This work shows that substrate-selective deposition has been demonstrated for 

Co(tBu2DAD)2 and formic acid. Cobalt metal is inherently deposited on metallic substrates, 

with no metal film deposition observed on non-metallic substrates. Cross-sectional SEM 

has been employed to study the film thicknesses. EDS was carried out to confirm the 

absence of cobalt on the non-metallic substrates, which was also supported by XPS. 

Elemental composition of the deposited films has been carried out using XPS, revealing 

significant intermixing of the cobalt film layer and the metallic substrate layer (platinum, 

copper). Four-point probe measurements were carried out to determine the sheet resistivity 

of the films, giving insight into the continuity and composition of the metallic films. Data 

obtained from XPS studies, coupled with sheet resistivities of the films, supports the 

hypothesis that the facile ALD growth of cobalt on platinum and copper substrates is likely 

due to the formation of an interfacial alloy layer.  

The deposition of high-purity metallic cobalt thin films grown by ALD, using non-

corrosive, inexpensive, alkyl amine reducing co-reagents has been demonstrated. The low-

temperature thermal ALD process used Co(tBu2DAD)2 and tert-butyl amine to afford high-

purity, low-resistivity (13 – 19 µΩ cm) cobalt metal thin films in the ALD window between 

170 – 200 °C. Self-limiting growth was observed, along with a linear growth rate of 0.98 

Å/cycle for cobalt films deposited on platinum and copper substrates for as little as 25 

cycles, allowing for precise control of thin film growth. Characterization of cobalt metal 

films grown on various substrates was performed. Cross-sectional SEM has been employed 

to study the film thickness. Elemental composition of the deposited films using XPS 
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revealed high-purity cobalt metal (> 98%), with low contamination from carbon, nitrogen 

and oxygen (< 1% each). Four-point probe measurements were carried out to determine 

the resistivity of the films, giving insight into the continuity on composition of the metallic 

films. These resistivity values are similar to the values measured in the study presented in 

Chapter 2, for films of comparable thicknesses. Data obtained from XPS studies, coupled 

with sheet resistivities of the films, supports the hypothesis that the facile ALD growth of 

cobalt on platinum and copper substrates is likely due to the formation of an interfacial 

alloy layer. Substrate-selective deposition has been demonstrated for Co(tBu2DAD)2 and 

tert-butyl amine. Cobalt metal is inhertently deposited on metallic substrates, with no metal 

film deposition on non-metallic substrates. Selectivity was assessed by cross-sectional 

SEM, and EDS was carried out to assess cobalt deposition on the non-metallic substrates. 

Elemental composition of the deposited films has been carried out using XPS, revealing 

significant intermixing of the cobalt film layer and the metallic substrate layer (platinum).  

The low-temperature thermal ALD process for M(tBu2DAD)2 and alkyl amines was 

explored for the use of the deposition of metallic nickel thin films. Ni(tBu2DAD)2 and tert-

butyl amine afforded films of high-purity, low-resistivity (22 µΩ cm) nickel metal films in 

the ALD window between 180 – 195 °C. Self-limiting growth was observed, along with a 

linear growth rate of 0.60 Å/cycle for nickel films deposited on platinum substrates for as 

little as 50 cycles; allowing for precise control of thin film growth. Full characterization of 

nickel metal films grown on platinum substrates was performed. Cross-sectional SEM was 

employed to study the film thicknesses. Elemental composition of the deposited films using 

XPS showed high-purity nickel metal (> 97%), with low contamination of carbon, nitrogen 
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and oxygen (< 1.5% each) for the ~60 nm thick film. XPS analysis of the ~18 nm thick 

film revealed significant intermixing of the nickel film layer and the metallic substrate 

layer (platinum).  Four-point probe measurements were performed to determine the  

resistivity of the films, giving insight into the continuity and composition of the metallic 

films. The low-resistivity value (22 µΩ cm) suggests that these films are continuous, high-

purity, metallic nickel films. XPS, together with resistivity data, suggest the facile growth 

of nickel on platinum substrates proceeding via interfacial alloy formation. Substrate-

selective deposition was demonstrated for Ni(tBu2DAD)2 and tert-butyl amine. Nickel metal 

is inherently deposited on metallic substrates, with no metal film deposition present on 

non-metallic substrates. Selectivity was assessed by cross-sectional SEM, along with EDS, 

which qualitatively supported the absence of cobalt on the non-metallic substrates. 

Although linear growth was observed on platinum substrates, it was not observed for 

copper or ruthenium substrates. More experiments are necessary to understand fully what 

is occurring to cause the unusual growth behavior on copper and ruthenium substrates. 

The low-temperature thermal ALD process using M(tBu2DAD)2 and alkyl amines to 

afford metal films was successfully extended from a cobalt metal process to a nickel metal 

process. These results are suggestive that ALD processes employing M(tBu2DAD)2 and 

alkyl amines may be general to give the corresponding metals. Future directions for this 

research could lead to new avenues to deposit other desirable and challenging to reduce 

metals by thermal ALD, such as iron, manganese, and chromium.  

A future application for this work is the potential to deposit magnetic materials, 

such as iron/cobalt or iron/nickel layered-films, by thermal ALD. Deposition of magnetic 
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materials by ALD could enable magnetic based storage devices (such as MRAM, which 

requires multilayered magnetic materials) to be developed with atomic layer precision of 

thicknesses. This can be achieved by depositing alternating desired metal layers using 

M(tBu2DAD)2 and alkyl amines. 
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Atomic layer deposition (ALD) affords highly conformal thin films with precise 

thickness control due to its self-limited growth mechanism. ALD enables the increasing 

demands for smaller feature sizes in microelectronics devices to be met. Area-selective 

ALD growth is receiving attention in the fabrication of microelectronic devices, since it 

can eliminate complicated etching steps from the fabrication process and minimizes 

expensive and toxic reagent use. Selectivity can be achieved by tailoring the surface 

chemistry of the precursor and substrate. To date, few area-selective ALD processes have 

been reported for metallic films. Thin films of cobalt metal deposited selectively are of 

considerable interest for use in microelectronics devices, specifically as a metallization 

liner in sub-10 nm logic nodes. Our laboratory has recently reported an ALD process for 

cobalt metal thin films using bis(1,4-di-tert-butyl-1,3-diazabutadienyl)cobalt(II), 

Co(tBu2DAD)2, and formic acid. This process affords high-purity, low-resistivity cobalt 

films. Excellent cobalt metal film growth also occurs on metallic substrates, with a growth 

rate of ~0.95 Å/cycle. In this work, I will describe the early stage nucleation and selective 
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growth of cobalt metal from Co(tBu2DAD)2 and formic acid on ruthenium, platinum, and 

copper substrates. No cobalt metal growth is observed on nonmetallic substrates. I will also 

describe the development of a new inherently substrate-selective ALD process for high-

purity, low-resistivity (~13 µΩcm) cobalt metal from Co(tBu2DAD)2 and alkyl amines, with 

a GR of 0.98 Å/cycle on metal substrates. No cobalt metal growth is observed on dielectric 

substrates. I will also describe the development of a new inherently substrate-selective 

ALD process for high-purity, low-resistivity (~20 µΩcm) nickel metal from Ni(tBu2DAD)2 

and alkyl amines, with a growth rate of 0.60 Å/cycle on metal substrates. No nickel metal 

growth is observed on dielectric substrates.   
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