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Two approaches for Ni Atomic Layer Deposition on glass substrates have been 

studied for spacecraft optical applications. The first strategy is to first deposit a NiO 

thin film and then reduce the metal oxide film using noble gas under high temperature. 

NiCp2 and O3 as the precursors were chosen due to the low-temperature required for 

deposition and high growth rate. An alternative pathway was to deposit a Ru metallic 

film as the adsorption layer, using Ru(DMBD)(CO)3 and H2O, then deposit the Ni 

metallic film on the Ru film using Ni(DAD)2 and tert-butylamine. The reaction 

mechanisms for both processes were developed. The ideal theoretical growth rates of 



 
 

these ALD processes were calculated as 2.40 Å/cycle for NiO, 2.19 Å/cycle for Ru and 

2.04 Å/cycle for Ni metallic film.  
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Chapter 1: Introduction 
 

 Atomic Layer Deposition (ALD) is a gas-phase thin film deposition technique in 

which the gas precursors of ALD are fed separately to the reactor to prevent gas phase 

reactions, that has been widely investigated in various fields including semiconductor 

applications, astronomical optics, energy and environmental devices and biological 

applications.[1–7] ALD has demonstrated several advantages over other thin film 

deposition techniques. ALD can produce a constant deposited film thickness for every 

cycle, also known as growth rate per cycle, due to its self-limiting behavior. Moreover, 

the availability for gas precursors to deposit on any substrate with active surface sites 

results in the broadly applicability of ALD. The film thickness can be adjusted by 

changing the total number of ALD cycles, with the precise nanoscale control of film 

deposition, highly conformal thin films with desired thickness and properties can be 

obtained.[5,8–10] 

 

1. History  

The concept of ALD was introduced by two different researchers, T. Suntola 

reported a technique known as “atomic layer epitaxy” in 1977 for electroluminescent 

flat panel displays, and the other origin is attributed to S. Koltsov under the name 
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“molecular layering” in 1965.[5] The ALD technique was first put into practice in 1983 

as an electroluminescent display at Helsinki airport and was first applied in commercial 

use as an ALE reactor called F-120 in 1988.[3] The transition from using the word “ALE” 

to a more general name “ALD” occurred in the late 1990s because most of the film is 

grown using self-limiting sequential reactions that were not epitaxial to the underlying 

substrates. In the early years, due to the lack of requirements of precise control for thin 

film deposition at atomic scale, researchers proceeded slowly in developing new ALD 

techniques. Things started to change in the late 1990s with the continuing downsizing 

of electronic device, requiring a new deposition method with the ability to coat high 

quality, conformal accurate film for precise control at atomic level. ALD is one of the 

suitable techniques to achieve this requirement. Nowadays, ALD has been developed 

to be applied in many different fields of studies such as semiconductor industries, 

biomedical studies and environmental applications.[1–7] 

 

2. Principles of ALD 

ALD is a deposition technique in which the film is grown by exposing the substrate 

to gas precursors. It is a branch of the chemical vapor deposition (CVD) technique. The 

main difference between ALD and the traditional CVD technique is that the gas 

precursors in the ALD process are fed separately in time so that the gas-phase 
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precursors are never present simultaneously in the reactor to prevent any uncontrolled 

gas-phase reactions. This process leads to the characteristic that the gas precursors only 

react with the surface and each half-reaction terminates when all the reaction active 

sites on the surface are occupied. The self-limiting behavior is influenced by the 

complete consumption of active sites and the steric hindrance caused by large ligands 

of the adsorbed precursor, which will prevent any additional precursor to be adsorbed 

to the substrate. By designing a good ALD precursor system, the coated film after a 

precursor pulse provides an activated surface for the following precursor for reaction 

and adsorption. A film with the desired thickness can then be obtained by repeating the 

ALD cycles.[11] 

ALD process can be shown as Figure 1.1. The process includes sequential pulses 

of gaseous precursors with the substrate. First, the first precursor will be fed to the 

reactor. When the gas precursor contacts the reaction surface with active sites, the 

precursor is adsorbed onto the substrate until the precursor is chemically bonded. Note 

that the transportation of the gaseous precursor is supported through the vapor pressure 

itself, or an inert gas such as argon or nitrogen will be induced to increase the rate of 

transport from the source to the reactor. After the first precursor pulse, the inert gas will 

be pulsed into the reaction chamber to remove excess precursors and the byproducts of 

the reaction between the precursor and the surface. With the inert gas purging, we can 
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ensure that the reaction will only occur between the gas precursor and the film surface. 

Then the other precursor will be fed to the chamber, for an effective precursor system, 

the surface deposited by the first precursor most provide reaction active sites for the 

second precursor to be adsorb and react. The process will be repeated until the desired 

thickness is achieved.[12] 

 

Figure 1.1. A general process of ALD. (a) Functionalized substrate surface. (b) 

Precursor A is pulsed and reacts with the surface. (c) Inert carrier gas purging with 

excess precursor and by-products of the reaction. (d) Precursor B is pulsed and reacts 

with the surface. (e) Inert carrier gas purging with excess precursor and by-products of 

the reaction. (f) Repeat steps (b) to (e) to achieve the desired thin film thickness. 

[Reprinted from ref [12]]  
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Chapter 2: Atomic Layer Deposition of 
Nickel oxide for use in X-ray optics 
 

1. Introduction 

Observational astronomy of X-ray emission from the astronomical objects is known 

as X-ray astronomy. When the emitted X-ray entered the atmosphere of earth, most of 

the emission will be absorbed by our atmosphere. To avoid this issue, X-ray detectors 

are usually set at high altitudes such as sounding rockets and satellites so that the 

telescope avoids the influence of the atmosphere and receives X-ray radiation directly.  

The lobster-ISS X-ray imaging detector is an X-ray optical system described by 

JK.Black.[13] The lobster-ISS is an all-sky monitor of X-rays which can maps the entire 

sky approximately every 90 minutes with excellent sensitivity. It is planned to be 

attached to the International Space Station. The X-ray detector is constructed by using 

a wide-field X-ray focusing element which is shown in Figure 2.1, which includes a 

spherical focal surface and a spherically slumped microchannel plate. To redirect the 

source X-ray onto the spherical focal surface, the incoming X-ray needs to be reflected 

from the inner surface of microchannel to focus and form the image of the X-ray source. 

On the top of the channel surface, Ni metallic film is deposited to increase the X-ray 

reflectivity.  
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Figure 2.1: The illustration of X-ray optical system using a spherical slumped 

microchannel plate. (Reprinted from ref [13])  

  

   Recently, scientists are working to develop an ALD process to deposit the Ni thin 

film on the glass optical element. Since ALD can provide a highly conformal coating 

of metallic thin film with desired thickness, the use of ALD process gives the potentials 

for a new generations of X-ray optics applications. Therefore, investigating reaction 

mechanisms for Ni ALD process is significant. 

   The main challenge of metallic Ni thin films ALD is that directly depositing pure 

Ni films on substrates is difficult. High temperature processes are usually needed due 

to the Ni precursors resistance to reduce to its metallic state. In addition, surface 
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energies of metallic thin films and glass substrate differ greatly, which leads to a 

relatively long nucleation period and large grain size. To avoid these issues, there are 

several strategies that can be taken for Ni ALD deposition. One of the approaches is to 

first deposit NiO thin film and then process a reduction reaction using noble gas such 

as hydrogen and argon. The advantages of this strategy are that NiO deposition can be 

proceed at a relatively low temperature and a short nucleation period can be obtained.  

   Considerable studies have been done to understand the NiO ALD reaction. 

Nickel(II)acetylacetonate, also known as Ni(acac)2 is a widely used nickel precursor. It 

is first introduced by Utriainen et al.[14] They used Ni(acac)2 and H2O as the precursors 

for NiO growth and then converted it to metallic Ni film by a reduction step by using 

hydrogen. Ni(dmg)2, also known as nickel dimethylglyoxime and Ni(apo)2, also known 

as nickel(2, amio-pent-2-en-4-onato), were also used to react with different oxygen 

precursors such as O3 and H2O.[15] However, these precursors have been found to have 

poor gas phase stability. For example, Ni(acac)2 has been indicated to have a strong 

tendency to form trimers in gas phase, which would complicate the precursor delivery 

system design.[15] Lu et al. report a good precursor system which provides promising 

high-quality metal oxide films using nickelocene as shown in Figure 2.2., or Ni(Cp)2 

and ozone.[15] The structure diagram of Ni(Cp)2 is shown in Figure 2.2, the oxidation 

state of Ni is +2. Bachmann et al. investigated the stoichiometry and the chemical 
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composition of Ni and NiO thin films.[16] In their study, NiO film was grown on 

silicon(100) wafers by a nickelocene ALD process, and then the argon appealing 

process under high temperature (700℃) was proceeded. The morphology of the film 

was changed and the film was converted to Ni metallic film. Wen et al. studied the 

reaction kinetics and selective growth of metal oxide ALD process on Pt nanoparticles 

using NiCp2 and O3.[17] They proposed an adsorption-dissociation reaction mechanism 

and predicted the selectivity of growth rate on different facets of Pt substrate. 

Nickelocene can also be used as a nickel precursor for NiO growth on carbon 

nanotubes.[18,19] The NiO thin film deposited on carbon nanotubes is shown to be 

conformal with a relatively high growth rate comparing with other precursor systems, 

resulting in films with high electrochemical performance and excellent conductivity.  

   This project aims to study the reaction mechanism and the film properties of NiO 

atomic layer deposition growth on silicon oxide substrates. The motivation of this is to 

give us a better understanding of NiO ALD processes and ultimately apply the 

optimized process to enhance the reflectivity of X-ray optics.  

 

Figure 2.2. The structure diagram of nickelocene. 
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2. Reaction mechanism 

In order to understand the reaction mechanism for nickel oxide growth on a silicon 

oxide substrate, we can gain insight from comparing this precursor system to similar 

ALD systems of other oxides and substrates since there is little information available. 

Surface reaction mechanism of NiO deposition has been studied on different substrates 

using the same precursor system.[17] Wen et al. has reported that it is most likely for the 

Ni(Cp)2 half-cycle that the reaction consists of an adsorption step for the precursor and 

a dissociation step for Cp ligand. The SiO2 surface is treated hydroxylated, the hydroxyl 

groups on the silicon oxide surface can serve as the active sites for reacting with Ni 

precursors. Consequently, this half pulse cycle can be considered as 

(SiO2H)sub + NiCp2 → (SiO2)sub − NiCp + CpH 

sub subscript refers to the growing substrate. (SiO2H)sub represents the hydroxylated 

SiO2 surface. Note that in this half-cycle reaction, there is a Cp ligand dissociated from 

the nickel precursor after the precursor is adsorbed on the substrate.  

   During the O3 half cycle, the Cp ligand remaining on the growth surface should be 

oxidized by ozone and form NiO. It was suggested by Wen et al. that the oxidation 

process can produce CO2 and H2O.[17] Therefore, the ozone pulse reaction can be shown 

as 

(SiO2)sub − NiCp +
13
3

O3 → (SiO2)sub − NiOH + 5CO2 + 2H2O 

Thus the overall reaction is then 
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(SiO2H)sub + NiCp2 +
13
3

O3 → (SiO2)sub − NiOH + CpH + 5CO2 + 2H2O 

A complete diagram for reaction mechanisms for our precursor system is illustrated in 

Figure 2.3 and Figure 2.4, note that the coordination number of Ni2+ in NiO ALD films 

is 6.  

 

Figure 2.3: Reaction mechanism for the nucleation phase of the proposed ALD growth. 

 

Figure 2.4: Reaction mechanism for the growing phase of the proposed ALD growth. 

 

3. Structure properties and theoretical growth rate 

To understand the structure of NiO thin film, it is important to review the 

characterization of nickelocene precursor system deposited films studied by previous 



11 
 

researchers. In the ALD process of Bachmann et al., NiO thin films were prepared by 

nickelocene and ozone at 230℃ on Si(100) substrates, with a measured growth per 

cycle of 0.92 Å/cycle.[16] The film structure information was studied by X-ray 

diffraction (XRD), an analytical technique which is often used to determine the 

crystalline structure of materials. In their study, three peaks are observed, which 

corresponds to the (111) (200) and (220) lattice planes of nickel oxide. This result leads 

to the conclusion that the crystal structure of NiO is face-centered cubic (fcc). Similar 

XRD patterns can also be obtained in other studies using the same precursor system. 

Lu et al. carried out their experiments within the temperature range of 150-300℃ on a  

Si(100) substrate, and Yu et al. operated their deposition under 150℃  on carbon 

nanotubes (CNT).[15,18] In all of these characterization studies results obtained by XRD 

showed similar peaks, which indicates that the molecular structure of NiO deposited 

film is fcc in nature under the range of deposition temperatures and substrates 

represented in those studies. Additionally, Lu et al. have reported that there is likely an 

increasing trend of crystallinity as deposition temperature increases. 

Having established the fcc structures for NiO films, the theoretical growth rate per 

cycle can be calculated in the following manner: 

Definition of cubic crystal’s density: 

ρ =
4 × MNi + 4 × MO

a3 × NA
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where ρ represents the density of the compound (g/cm3), a represents the cubic length 

(Å), NA represents the Avogadro’s number (mol-1) and M represents the molar mass 

of the compound (g/mol). Cubic length can then be calculated as 

a = �
4 × MNi + 4 × MO

ρ × NA

3
= �4 × 58.69 + 4 × 16.0

6.68 × 6.023 × 1023
3

= 4.156 × 10−8cm = 4.156 Å 

We are calculating the theoretical growth per cycle under ideal condition, which the 

active sites on the surface are completely occupied for every precursor pulse. Due to 

the structure of fcc, the NiO film is growing along the perpendicular direction of (111) 

lattice plane. Therefore, the theoretical growth rate per cycle can be calculated as  

gpc =
𝑎𝑎
√3

= 2.40 Å 

   Table 2.1. lists NiO ALD experimental studies using the Ni(Cp)2/O3 precursor 

system and the growth rate per cycle that has been obtained in each. The calculated 

theoretical gpc is consistent with the experiment data deposited at ~250℃ on Si(100) 

substrates. There are plenty of reasons that cause the difference in gpc. First, as 

mentioned in Chapter 1, it is most likely due to the steric hindrance caused by large 

segments of adsorbed precursor, which will prevent any additional precursor to be 

adsorbed to the substrate. Insufficient purge time between precursor pulses may also be 

a reason, the previous precursor or any byproduct may remain in the reactor, which 

leads to the occurrence of any gas-phase reaction and uncontrollable growth. Another 

probable reason is the depletion of precursor before the active sites on the substrates 
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have been completely reacted, which results in lower growth rate.  

 

 

Table 2.1: List of NiO ALD studies and the growth per cycle using NiCp2 and O3. 

Ref. Substrate Temperature Growth per cycle 

Bachmann et al.[16] Si(100) wafer 230℃ 0.92 Å 

Lu et al.[15] Si(100) wafer 150℃ 3.2 Å 

Lu et al.[15] Si(100) wafer 200℃ 2.5 Å 

Lu et al.[15] Si(100) wafer 250℃ 1.2 Å 

Lu et al.[15] Si(100) wafer 300℃ 0.8 Å 

 
Figure 2.5: The experimental data of the growth rate of NiO ALD. 
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Chapter 3: Atomic Layer Deposition of 
Nickel metal thin films on ruthenium  
 

1. Introduction 

In the previous chapter, it was discussed that metallic Ni itself does not grow well 

on a glass substrate. While one of approach is to first grow a NiO thin film on the glass 

substrate and then reduce the NiO to Ni metallic film, it was found the reduction process 

would result in forming Ni clusters and losing the film continuity. An alternate approach 

is to add an adhesion layer such as platinum or ruthenium first on the glass substrate, 

then deposit the Ni metallic thin film on the adhesion layer. By following this strategy, 

it is possible to deposit a Ni thin film on the glass substrate. The thickness of Ru thin 

film should only be a few layers of deposition, while the thickness of Ni in our 

application is required as 25 nm. So the enhancement of X-ray reflection should not be 

affected. 

In the past years, several ruthenium precursors have been reported to deposit 

metallic Ru films including metallocene, such as Ru(Cp)2 and Ru(EtCp)2 and 𝛽𝛽 -

diketonate precursors, such as Ru(thd)3.[20,21] The films obtained from these precursors 

with an oxidation state of Ru center +3 or +2 were found to have promising properties, 

for example, low resistivity and low impurity concentrations. However, Hong et al. 
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have reported that the Ru ALD process with these precursors had a long incubation 

period and low film growth rate at the initial stages of film deposition.[22] The delayed 

nucleation leads to the rough morphology of deposited Ru films, which is not suitable 

for X-ray optical applications that require high conformality and low roughness. To 

solve this issue, zero-valent Ru precursors have been found to significantly enhance 

nucleation and provides excellent conformality with a smooth film surface. 𝜂𝜂4-2,3-

dimethyl butadiene ruthenium tricarbonyl, also known as Ru(DMBD)(CO)3, has been 

introduced as such a zero-valent Ru precursor.[23] Gao et al. reported a Ru ALD process 

using Ru(DMBD)(CO)3 and water with a low-temperature ALD window and high 

deposition rate (0.1 nm/cycle). They obtained a conformal, smooth Ru thin film with 

low electrical resistivity on SiO2 substrate. The deposition mechanism on Si substrates 

has been studied using mass spectrometry and density functional theory calculations. 

Another precursor system, C16H22Ru and O2, is reported Eom et al. Yeo et al. studied 

the ALD reaction using C14H18Ru and O2.[24,25] Both the ALD process showed similar 

growth rates, 0.1 nm/cycle for using C14H18Ru and 0.086 nm/cycle for using C16H22Ru, 

and short incubation periods. The key difference between these precursor systems is the 

optimized deposition temperature: the ALD temperature window of using 

Ru(DMBD)(CO)3 is obtained at 160℃ ~210℃ , while both C16H22Ru and C14H18Ru 

grow better when temperature is above 220℃. Ru(DMBD)(CO)3 and H2O are selected 
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as the precursor system is our study due to its low ALD temperature window. 

Other precursor systems have been studied for growing Ni metallic films. 

Ni(iPrNCMeNiPr)2 was used with H2 as ALD precursors, Ni((Me)(iPr)COCNtBu)2 and 

BH3(NHMe2) have also been used as a precursor system for Ni thin film growing on 

SiO2, but the growth rate was also found to be low (0.09 Å/cycle).[26,27] To overcome 

this issue, Kerrigan et al. introduced a prospective precursor system, bis(1,4-di-tert-

butyl-1,3-diazadienyl)nickel, also known as Ni(dad)2 and tert-butylamine, which 

provides a smooth film with a high growth rate under low deposition temperature.[28]  

The aim of this chapter is to link the Ru and Ni deposition processes together as a 

new and novel method for generating a conformal nickel coating.  

 

Figure 3.1: Structure diagram of Ru(DMBD)(CO)3. 

 

Figure 3.2: Structure diagram of Ni(DAD)2. 
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Figure 3.3: Structure diagram of tert-butylamine. 

2. Reaction mechanism 

   The reaction mechanism of Ru ALD using Ru(DMBD)(CO)3 and H2O has been 

well studied by Gao et al.[23] They studied the mechanism of Ru deposition on a Si 

substrate by combining mass spectrometry and density functional theory (DFT) 

calculations. From mass spectrometry analysis, they indicated that the DMBD ligand 

dissociates when the precursor is adsorbed to the hydroxylated surface during the 

Ru(DMBD)(CO)3 half cycle, and CO2 is produced during both DMBD cycle and H2O 

cycle. The conversion from carbonate ligand to CO2 is a form of water-gas-shift 

reaction (WGSR). The CO2 and H2 are formed by either the CO ligand interacting with 

surface hydroxyl groups during Ru(DMBD)(CO)3 half cycle, or the exposed CO groups 

on the adlayers interacting with H2O during H2O half cycle. A competitive process was 

also reported between DMBD ligand’s and carbonyl group’s interactions with hydroxyl 

groups on the surface. In our study, we are depositing Ru thin film on the glass substrate, 

thus from the study done by Gao et al., the reaction mechanism of Ru(DMBD)(CO)3 

half cycle is expected as follow: 
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(SiO2)sub − xOH + Ru(DMBD)(CO)3

→ (SiO2)sub − Ru(CO)3−x + xCO2 +
x
2

H2 + DMBD 

The mechanism for the H2O half cycle is expected as follow:  

(SiO2)sub − Ru(CO)3−x + yH2O

→ (SiO2)sub − Ru(H ∙ OH)y−(3−x) + (3 − x)CO2 + (3 − x)H2 

Where the (SiO2)sub − Ru(H ∙ OH)y−(3−x) indicates that the H2O is adsorbed on the 

surface as a combination of H and OH groups.  

For the Ni metallic thin film ALD using Ni(dad)2 and tert-butylamine, while there 

is little information regarding the reaction mechanisms, we can gain insight from 

similar ALD systems of related metal precursors. A cobalt ALD process using Co(dad)2 

has been previously studied by Wolf et al.[29] XPS have been used to study the ALD 

using Co(dad)2 and HCOOH. In this study, film surface composition was observed to 

increase with respect do carbon and decrease with respect to cobalt during HCOOH 

pulse, while an opposite trend was observed during the Co(dad)2 half cycle. Similar 

patterns also occurred when tert-butylamine was used as a precursor. This result 

indicates the occurrence of ligand exchange. Therefore, for the Ni(dad)2 half cycle in 

our study, the most likely mechanism of the nucleation phase is proposed as 

(Ru)surface + Ni(dad)2 → (Ru)surface − Ni(dad)2 

For the tert-butylamine half cycle, the reaction is then 
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(Ru)surface − Ni(dad)2 + tBuNH2 → (Ru)surface − Ni(tBuNH2)2 + 2C10H20N2 

In the first half-reaction, the Ni(dad)2 is simply adsorbed onto the Ru substrate. In the 

second half-cycle, a ligand exchange between tert-butylamine and dad ligand occurred. 

Therefore, the mechanism of Ni(dad)2 half-cycle during growth phase can be shown as  

(Ru)surface − Ni(tBuNH2)2 + Ni(dad)2 → (Ru)surface − Ni − Ni(dad)2 + 2tBuNH2 

The tert-butylamine half-cycle during the growth phase is then 

(Ru)surface − Ni − Ni(dad)2 + tBuNH2

→ (Ru)surface − Ni − Ni(tBuNH2)2 + 2C10H20N2 

The schematic diagram can be illustrated in Figure 3.1 

 

Figure 3.4: Reaction mechanism for the Ni ALD process. 

 

3. Structure properties and theoretical growth rate 

To investigate the crystal structure of Ru ALD thin films, XRD patterns have been 
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studied by hong et al. and Gao et al. where similar patterns were observed in both 

studies.[22,23] Several peaks were observed including the peaks corresponding to the 

(100), (002) and (101) lattice planes of Ru, which leads to the conclusion that the crystal 

structure of Ru is hexagonal close packed (hcp). The structure diagram is shown in 

Figure 3.2. We assumed that in ideal condition, the theoretical growth per cycle can be 

calculated as: 

𝑅𝑅𝑅𝑅���� =
2
3

cos∠𝑅𝑅𝑅𝑅𝑄𝑄 𝑃𝑃𝑅𝑅���� =
2
3

cos 30° 2𝑟𝑟 =
2
3√

3𝑟𝑟 

𝑃𝑃𝑅𝑅���� = �𝑃𝑃𝑅𝑅����2 − 𝑅𝑅𝑅𝑅����2 = 2𝑟𝑟�
2
3

 

𝑐𝑐 = 2𝑃𝑃𝑅𝑅���� = 4𝑟𝑟�
2
3

 

r = 1.34Å 

Where r represents the radius of the ruthenium atom, so the length of Ru crystal 

structure is 4.376Å. From the hcp structure as shown in Figure 3.4, each hcp structure 

contains 2 layers of Ru films. Therefore, the growth rate of Ru can then be calculated 

as half of the crystal length as 2.188Å. By comparing the theoretical growth rate of Ru 

with the experimental data obtained by Gao et al. (1.0 Å ), we can found that the 

experiment data is far smaller than the calculated growth rate.[23] As mentioned in the 

previous chapter, steric hindrance, precursor depletion and insufficient pulsing time 

may cause the different between experimental data and calculated growth rate.  
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Figure 3.4: Hexagonal close packed crystal structure of Ru. 

   For the Ni ALD process, characterization of Ni metallic films have also been 

studied.[28,30] The XRD patterns of Ni films show similar results as the XRD patterns of 

NiO films discussed in the previous chapter. The peaks representing (110), (200) and 

(220) lattice planes of metallic Ni are observed. Therefore, we inferred that the crystal 

structure of Ni is face-centered cubic (fcc). We can calculate the theoretical growth rate 

of Ni as 

ρ =
4 × MNi

a3 × NA
 

where ρ represents the density of the compound (g/cm3), a represents the cubic length 

(Å), NA represents the Avogadro’s number (mol-1) and M represents the molar mass 

of the compound (g/mol). The unit cell length is then 

a = �
4 × MNi

ρ × NA

3
= � 4 × 58.69

8.908 × 6.023 × 1023
3

= 3.524 Å 

By giving the same assumption as NiO thin films. The estimated growth rate per cycle 

is calculated as 
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gpc =
𝑎𝑎
√3

= 2.04 Å 

Table 3.1 lists the experiment growth rate of Ni metallic thin films under different 

conditions. We found that the estimated growth rate is higher than the experimental data. 

It is most likely due to the steric hindrance caused by large segments of adsorbed 

precursor, which will prevent any additional precursor to be adsorbed to the substrate. 

Precursor depletion and insufficient pulsing time may also cause the different between 

experimental data and calculated growth rate.  

Table 3.1: The experimental growth rate of Ni metallic thin film using Ni(dad)2 and 

tert-butylamine. 

Ref. Substrate Cycles Growth per cycle 

Kerrigan et al.[28] Pt substrate  0.60 Å 

Kerrigan et al.[28] Ru wafer 150~250 0.12 Å 

Kerrigan et al.[28] Ru wafer >500 0.18 Å 

Kerrigan et al.[28] Ru wafer >1000 0.44 Å 
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Chapter 4: Conclusions and Future Works  
 

1. Conclusions 

In Chapter 2, a reaction mechanism for NiO ALD was developed. In the proposed 

mechanism, the NiCp2 precursor is adsorbed onto the substrate during the Ni precursor 

half cycle, then a Cp ligand is dissociated from the nickel precursor after the precursor 

is adsorbed onto the growth surface. During the subsequent O3 half cycle, the Cp ligand 

that remained on the growth surface is then oxidized by ozone to produce CO2 and H2O. 

The theoretical growth rate of NiO films was calculated as 2.40 Å. In comparison to 

the experimental data, the difference may be caused by the steric hindrance effects, 

insufficient reactor purge, or precursor depletion. The calculated theoretical gpc is 

consistent with the experiment data deposited at ~250℃ , which concludes that the 

deposition at ~250℃ is most likely to meet the theoretical conditions. 

 In Chapter 3, Ru ALD process and Ni metallic ALD processes were linked 

together as a novel method for generating a conformal nickel coating. We developed 

the reaction mechanism and calculated the growth per cycle. To find a growth rate for 

Ru as 2.19 Å/cycle and for Ni is 2.04 Å/cycle. It can be indicated that growth per cycle 

is relatively large comparing to the experimental data. The reason is probably also most 

likely due to the steric hindrance effect.  
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2. Future works 

In this study, the reaction mechanism is developed based on the literature review 

and data analysis. The growth per cycle was calculated theoretically for different ideal 

ALD processes. One obvious addition is to extend these works to experiment, including 

studying the optimized deposition temperature and the exposure time for these ALD 

processes, confirming the reaction mechanism and analyzing the thin film properties 

by various techniques such as mass spectrometry, X-ray diffraction, and XPS. The 

experimental growth rate can also be obtained to compare with the theoretical growth 

rate to find out the condition which most likely to meet the ideal condition. 
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