
 

 

ABSTRACT 

STEVENS, ERIC CHRISTOPHER. From Novel Processes to Industrially Relevant Applications: 

Atomic Layer Deposition of Metal, Metal Oxide, and Metal Carbide Thin Films. (Under the 

direction of Dr. Gregory N. Parsons). 

 

The demand for faster electronic devices with better storage capacity, all without being 

prohibitively expensive, requires innovations in process design and chemistry. Atomic layer 

deposition (ALD) is one such process which allows for thin films of material to be deposited with 

sub-nanometer thickness control. ALD relies on self-limiting chemical reactions, which leads to 

uniform, pin-hole free, and conformal coatings on substrates with complex and three-dimensional 

architectures. 

We investigated a novel ALD process for the deposition of tin (Sn) metal using a vapor 

phase reducing agent and a metal halide precursor. This study marked the first thermal (i.e., 

without plasma) ALD process for elemental Sn, where the mechanism and growth properties as a 

function of temperature were studied using in situ methods. Sn metal films have a broad range of 

applications from nanowire transistors to anode materials for lithium ion batteries. 

In a similar fashion, we also studied the use of a novel ALD precursor, tungsten (V) 

chloride, to deposit tungsten carbide (WC) thin films, using trimethyl aluminum as a co-reagent. 

In situ studies revealed key information regarding the likely reaction pathways as well as saturation 

behavior at different temperatures. The deposited WC films were doped with aluminum and had 

low Cl impurities. WC films have many applications in the semiconductor industry due to their 

chemical stability, hardness, and high conductivity. 

We also investigated area-selective ALD of metal oxide and metal nitride materials on 

amorphous carbon (aC) substrates, deposited on 300 mm silicon wafers, for use in advanced 

patterning applications. Without any treatment to as-formed aC substrates, uninhibited ALD 



 

 

growth of titanium oxide (TiO2), hafnium oxide (HfO2), and titanium nitride (TiN) was observed. 

The use of a hydrogen plasma pretreatment on aC removed oxygen species and passivated the 

surface with C-H groups, leading to a nucleation delay for TiO2, HfO2, and TiN. We showed that 

the use of water as a co-reagent in metal oxide ALD leads to significant nucleation site generation, 

while the ammonia co-reagent in TiN ALD resulted in enhanced selectivity. 

We applied two different models to describe the nucleation behavior of metal oxide and 

metal nitride ALD on plasma-treated aC. The best fit of the experimental data was obtained using 

a modification based on the Avrami Equation, which assumed random dispersion of nucleation 

sites on the surface increasing at some rate. The insights gained from the model fit show that water 

plays a key role in the generation of new nucleation sites for metal oxide ALD. This model can be 

applied to other ALD processes to gain valuable information regarding the nucleation behavior as 

well as potential selectivity losses. 

We demonstrated the use of plasma pre-treatments to selectively deactivate aC lines in a 

sub-50 nm aC/Si3N4 line/space patterned structure on 300 mm substrates. ALD films of TiN and 

TiO2 were deposited on Si3N4 spaces, with particle formation on aC lines. Nucleation density was 

observed to be greater on the tops and corners of aC lines, implying optimization in the pattern 

formation is needed to realize maximum selectivity. Furthermore, aC lines were selectively 

removed using oxygen plasma to give sub-50 nm patterned lines TiN on Si3N4. Post-process cleans 

steps are likely to remove undesired particles which may form during ALD processing. 
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CHAPTER 1. Introduction and Background 

Eric C. Stevens,† 

†Department of Chemical and Biomolecular Engineering, North Carolina State University, 911 

Partners Way, Raleigh NC 27695 

1.1 Atomic Layer Deposition Background and Applications 

Since being first introduced in the 1970s,1 Atomic layer deposition (ALD), previously 

referred to as atomic layer epitaxy or ALE, has seen broad adaptation for a variety of uses in the 

semiconductor industry. ALD has been described as the so-called sister method to chemical vapor 

deposition, but with some important distinctions. ALD is a vapor phase method to deposit thin 

films of solid material utilizing sequential, self-limiting half reactions.2 The surface chemistry 

involved in ALD ranges from ligand exchange,3–5 combustion,6,7 and oxidation-reduction,8–11 

among others. The key advantages of ALD are angstrom-level control over thickness,12–14 smooth 

and conformal coverage in high aspect ratio structures,15–17 free of pin-holes,18–20 and scalable to 

large volume manufacturing.21,22  

In the semiconductor industry, the use of ALD to deposit thin films has played a pivotal 

role in the continued device scaling since the 45 nm node (2007), when Intel first adapted using 

ALD to deposit high-k metal gates.23,24 In the years the followed, ALD has made its mark in the 

industry and has been widely adapted in both front-end-of-line (FEOL) and back-end-of-line 

(BEOL) processing.25–27 Continued progress toward gate-all-around (GAA)28 and other 3D device 

architectures29,30 only furthers the increased use of ALD in the industry. For example, area-

selective ALD has been proposed as an alternative to traditional lithographic patterning 

techniques.31–33 In using ALD to pattern the desired material, continued device scaling can be 
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achieved with a reduction in line-edge roughness, pattern misalignment, and non-uniformity in 

high aspect ratio structures. 

Beyond the semiconductor industry, ALD has seen rapid expansion in the areas such as 

solar cells,34–38 electrochemical storage,39–41 textiles,42–44 and catalysis,45–47 among others. With a 

broad application base of atomic layer deposition, continued research is required to match the rapid 

rise in technological demand. The motivation for this work is to further understand novel processes 

on a fundamental level and investigate the challenges involved for potential industrial adaptation. 

1.2 Basic Principles of Atomic Layer Deposition 

1.2.1 Surface Reactions in Atomic Layer Deposition 

In a typical ALD process, two vapor-phase reagents are sequentially exposed to a heated 

substrate under low pressure, separated by inert gas purge steps. Figure 1.1 shows a cartoon 

depicting the reaction of trimethyl aluminum (Al(CH3)3, abbreviated TMA) and water (H2O). This 

reaction proceeds by first exposing TMA to a reactive surface, here given as a hydroxyl-terminated 

substrate (-OH). A ligand exchange reaction takes place between the TMA and -OH surface, 

forming an Al-O bond and giving off methane (CH4) as a byproduct. This is considered the first 

half-reaction, which self-saturates after an excess of TMA has reacted with all accessible -OH 

groups. Following this first half-reaction step, an inert gas purge (typically nitrogen, N2, or argon, 

Ar) is used to remove any unreacted TMA or CH4 byproducts.  

The second half reaction proceeds by an excess exposure of H2O to the now methyl-

terminated surface, forming Al-OH groups and giving off CH4 as a byproduct. Again, an inert gas 

is used to purge the system of excess H2O and CH4. The combination of these two half cycles 

constitutes one ALD cycle, which can be repeated in the same cyclic manner to give films with 

Angstrom-level thickness control. The self-limiting nature, via the making and breaking of 
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chemical bonds, of these half reactions is what gives the ALD process the distinctive features of 

conformal and uniform films. The uniform and conformal nature of this deposition process is also 

extended to substrates with complex geometries and high aspect ratios.48–52  

1.2.2. Thermodynamics of Atomic Layer Deposition 

The thermodynamics of the ALD reactions have been studied previously using TMA and 

H2O as a model system to produce aluminum oxide (Al2O3) .
33,53,54 Quantum chemical calculations 

of the TMA and H2O half reactions are shown in Figures 1.2.54 From these calculations, each half 

reaction was determined to be exothermic, with the overall reaction sequence also being 

exothermic. The driving force for these reactions is the formation of strong Al-O bonds. For the 

TMA half reaction, the breaking of Al-C bonds leads to an energy barrier for formation of Al-O 

bonds. It follows that a similar energy barrier exists for the H2O half reaction. Due to the overall 

downhill thermodynamics of the reaction, these energy barriers are surmountable with the aid of 

heat, but has also been demonstrated to proceed at low temperature.55 These findings are in good 

alignment with other reports of a negative change in the Gibbs free energy, corresponding to 

favorable thermodynamics in the TMA+H2O reaction.33 Similar findings have been demonstrated 

for other ALD processes, with a general trend of exothermic reactions with a negative change in 

the Gibbs free energy.56–58 

1.2.3 Growth Rate Versus Temperature 

For a typical ALD process, there exists an ALD temperature window (see Figure 1.3), 

where the growth rate per cycle (GPC) is constant over a specific temperature range.12 Usually the 

temperature window is large enough that small fluctuations in the deposition temperature will not 

affect the GPC (as long as the fluctuations are within the specified ALD window). Outside of the 

ALD window, the GPC varies depending on the temperature and specific reaction chemistry used. 



 

5 

For example, at lower temperatures, growth may be much higher than within the window due to 

direct condensation of the vapor-phase precursors on the reactive surface. Alternatively, at lower 

temperatures, insufficient thermal energy is available to overcome reaction energy barriers. For 

temperatures exceeding the ALD window, precursor desorption (without reacting with the surface 

groups) or precursor dissociation in the gas phase or on the surface may cause a non-constant 

relationship between the GPC and deposition temperature.  

1.2.4 Nucleation and Growth Modes 

Most ALD processes can be divided into three separate growth modes: layer-by-layer, 

island, and layer-plus-island growth.59 Figure 1.4 shows a schematic of the three growth modes 

during the initial nucleation on a given substrate. Layer-by-layer growth, also referred to as Frank-

van der Merwe growth, proceeds via two-dimensional stacking of material, which typically occurs 

when the atoms of the deposited material are strongly bound to the substrate. This type of growth 

mode is usually associated with most ALD processes due to the self-limiting nature of the ALD 

chemistry.59 Island growth, or Volmer-Weber growth, is usually observed when the deposited 

material exhibits stronger bonding to itself rather than the substrate.60 This type of growth is widely 

observed during the nucleation of metals on oxide surfaces metal oxide on hydrogen terminated 

silicon.6,61–63 For an ALD process, islands will continue to grow radially, in three dimensions, and 

at a constant growth rate until the islands coalesce into a film.64 After which, layer-by-layer growth 

is typically observed on the coalesced film. Layer-plus-island growth, also known as Stranski-

Krastanov growth, has been observed for systems when strain energy due to lattice mismatch will 

trigger a change from layer-by-layer to island growth.65–67 For an ALD process, the island growth 

would again proceed until coalescence, followed by two-dimensional layer-by-layer growth. 

Depending on the material system, this transient growth mode can proceed in perpetuity.  
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Of special interest for this work is the modeling of the island growth mode during atomic 

layer deposition processing. As will be presented in Section 1.4, understanding the nucleation and 

growth behavior during area-selective atomic layer deposition is very important to broader 

adaptation in the semiconductor industry and beyond. 

1.3 Materials Deposited Using Atomic Layer Deposition 

Specifically regarding microelectronics, ALD has been applied to deposit high-k gate 

oxides, high-k memory capacitor dielectrics, and nitrides and metals for electrode and interconnect 

materials.39,41,68–72 Of specific interest to this dissertation are ALD processes for metal oxides, pure 

metals, and metal carbides. 

1.3.1 Atomic Layer Deposition of Metal Oxides 

High-k gate oxides by ALD have been one of the most well studied processes, as the 

chemistry is usually straightforward and very thermodynamically favorable.68 The use of a thin 

film with a high dielectric constant stems from the need for very thin (sub 10 nm) barriers to 

tunneling currents in metal-oxide semiconductor field effect transistors (MOSFETs), where silicon 

oxide (SiO2) is the traditionally used material.13 A film with a greater dielectric constant has a 

larger so-called equivalent oxide thickness (EOS), which is defined as the equivalent thickness of 

SiO2 that would be required to produce the same electron tunnel barrier effect.13 Aluminum oxide 

(Al2O3), hafnium oxide (HfO2), and zirconium oxide (ZrO2) are all materials that have been 

explored as high-k replacements for SiO2.
73

 Most metal oxide deposition processes used in the 

industry involve a ligand exchange reaction mechanism, with metal halide, metal organic 

precursors typically reacting with water, oxygen, or oxygen plasma.74 
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1.3.2 Atomic Layer Deposition of Metals 

ALD has been studied for deposition of metal films for interconnects,75 contact plugs,76 

seed layers,77 diffusion barriers.71 In addition, noble metals and high- and low-workfunction metals 

have been used for dynamic random access memory and dual-gate metal-oxide-semiconductor 

field effect transistors.78–81 Metal ALD typically proceeds via combustion reactions (e.g., noble 

metals), oxidation-reduction reactions, or radial initiated reactions.6,7,57,62,82 

With many of these applications, comes many challenges associated with metal ALD. 

These challenges arise from the lack of well-known 1) reaction mechanisms (most vary from the 

well-studied ligand exchange reactions), 2) nucleation and growth mechanisms on surfaces that do 

not contain reactive sites (e.g., -OH or -CH3 groups), and 3) lack of strong vapor-phase reducing 

agents that can reduce metal precursors completely to their elemental state. Plasma-enhanced ALD 

(PE-ALD) has been used to try and circumvent some of these challenges to deposit metal films.83–

85 Plasma sources are used to generate high energy radicals, which facilitate reactions that are not 

currently possible by traditional ALD methods. This method has been used to deposit metals such 

as Ta, Si, and Ge.83 The key drawback for PE-ALD is radical recombination, which can limit 

conformality in high aspect ratio structures.83 Another consideration is substrate and film damage, 

with a possible increase in contamination from highly reactive radical species.83 Therefore, a 

thermal ALD process has many advantages over plasma-enhanced ALD, yet more research and 

characterization is required to expand the types of metals deposited as well as reduce impurity 

content. 

1.3.3 Atomic Layer Deposition of Metal Carbides 

Metal carbide materials by ALD are a relatively new compared to that of metal oxide and 

pure metal thin films. Metal carbides have many applications that make them attractive for 
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adaption into the semiconductor industry as diffusion barriers,72,86,87 adhesion layers,88 and 

potential gate metal replacements.89–93 Of specific interest to this work is tungsten carbide. The 

unique properties of tungsten carbide (WC, W2C, or WC2) lead to a variety of important uses for 

WC thin films, with a wide range of applications. Some recent studies have suggested use of WC 

as low-cost alternatives for noble metals in catalysis,94–97 diffusion barriers,86,98,99 and hard 

coatings due to high strength, hardness, and stability.100,101 Typically, WC thin films are deposited 

using sputter deposition,102,103,88 chemical vapor deposition (CVD),104–106 and recently atomic layer 

deposition (ALD).87,107–109 

Concerning ALD of WC, PE-ALD processes have been demonstrated previously to deposit 

WC thin films.108 As discussed in the previous section, plasma-based processing can provide 

limitations due to substrate damage and conformality variance in high aspect ratio structures.110–

112 Therefore, thermal ALD of WC is of interest to expand adaptation into transistor and memory 

applications. Thermal ALD processing of WC has not been extensively studied in the research 

community, with thermal ALD of WC by WCl6 and Al(CH3)3 being the most recent 

development.87  This study was very promising for applications as Cu diffusion barriers, with 

resistivity values of 1500 μΩ-cm at 375 oC. Yet, an understanding of the in situ growth behavior 

and possible reaction mechanisms were not demonstrated experimentally and would greatly 

benefit the broader adaptation of these processes in the semiconductor industry. 

1.4 Area-Selective Atomic Layer Deposition 

Area-selective ALD refers for a process in which ALD is inhibited on one substrate (or 

substrates), while growth is unaffected on another substrate (or substrates). Area-selective ALD 

has been demonstrated in various forms in the literature.31 In some cases, ALD does not proceed 

readily on a given substrate due to thermodynamic or kinetic barriers which exist inherently in the 
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system. These types of ALD processes are usually referred to as inherently selective ALD, which 

have been shown for Co,113 Ru,62 Ni,114 W,115 TiO2
116 thin films on specific substrates. These types 

of processes are usually preferred due to less processing steps but are typically limited in the 

breadth of materials and substrates. 

To expand the types of ALD thin films deposited selectively, the use of blocking layers, 

such as self-assembled monolayer (or SAMs), have been used 117,118 Such blocking layers will 

selectively adsorb to specific substrates and not others. These types of processes rely on the use of 

specific precursors with ligands that remain mostly unreactive to ALD precursors.119 For the case 

of SAMs, these molecules have long carbon chains, which were shown previously to be 

hydrophobic and thus very efficient at inhibiting metal oxide ALD. These types of processes are 

often limited in terms of deposition temperature, due to desorption of inhibitor molecules, and thus 

also the types of ALD processes that can be used in conjunction with these blocking layers.120 A 

similar concept to the blocking layers is the use of a masking layer, which is typically a patterned 

film which can be used as a template for area-selective ALD. These materials are usually 

polymers,121,122 but have also been shown to work with aC hard mask materials.77 Of special 

interest to this work is the use of aC thin films as sacrificial templates to enable area-selective ALD 

due to their widespread use in current patterning efforts and easy removal (using oxygen or oxygen 

plasma).123 
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1.5 Figures for Chapter 1 

 

  

Figure 1.1: Schematic of Al2O3 by ALD using Al(CH3)3 and H2O precursors. Exposure of a 

reactive substrate (-OH groups) to Al(CH3)3 will result in a complete reaction of all available 

surface sites, giving off CH4 byproducts and forming Al-O bonds. After purging excess reactant 

and byproducts using inert gas, H2O can be exposed to the newly terminated surface (Al-CH3), 

releasing CH4 byproducts. Following another purge step, this process can be repeated in a cyclic 

manner until the desired film thickness is reached. 
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Figure 1.2: Quantum chemical calculations of the anticipated reaction pathways and associated 

energetics during the reaction of Al(CH3)3 + H2O. a) shows the first half-reaction of gas-phase 

Al(CH3)3 reacting with Al-OH* surface sites. b) shows the second half-reaction of gas-phase H2O 

with Al-(CH3)
* surface sites. Figure reproduced from Ref 54. 

a) 

b) 
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Figure 1.3: Growth rate as a function of deposition temperature for ALD processing. For most 

ALD processes, there exists an ALD window, which is a range of temperatures where the film 

growth rate is constant. Outside of this window, the growth can vary depending on the temperature 

and specific reaction chemistry. 
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Figure 1.4: Schematic of the three growth modes typically observed during ALD: a) layer-by-

layer (Frank-van der Merwe), b) island (Volmer-Weber), and c) layer-plus-island (Stranski-

Krastanov) growth. 

a) 

b) 

c) 
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2.1 Abstract 

 This work explores a novel, thermal ALD process to deposit tin metal at low temperature. 

We employ 1,4-bis(trimethylsilyl)-1,4-dihydropyrazine (DHP) as a reducing agent, to reduce 

SnCl4 on silicon substrates. We explored a range of temperatures between 130 and 210 oC to 

determine the ALD window, which was found to be 170 – 210 oC. We show that this process yields 

a growth rate of ~0.3 angstroms per cycle at 190 oC. Furthermore, XPS results showed that the 

film impurity content is significantly reduced by operating at elevated temperatures (e.g., 190 vs 

130 oC). The reaction mechanism was explored using in situ mass spectrometry and in situ quartz 

crystal microbalance (QCM). Within the ALD temperature window, the QCM results showed a 

saturated mass gain during the SnCl4 exposure, and a net mass loss during the DHP dose. 

Consistent with the QCM results, in situ mass spectroscopy data indicate that the DHP exposure 

step removes surface Cl via formation of volatile trimethylsilyl chloride and pyrazine byproducts, 

effectively reducing the oxidation state of surface-bound Sn. This work is the first thermal Sn 

metal ALD process to be reported in literature and the oxidation/reduction chemistry presented 

here may be applied to other metal precursors, increasing the applicability of metal ALD use in 

industry. 
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2.2 Introduction 

Tin is an intriguing metal that boasts various applications spanning multiple fields. For 

example, Sn has been proposed as a candidate material for confinement modulated gap nanowire 

transistors.1,2 Electronic structure calculations1  suggest that when Sn is confined in nanowire 

structures less than 5 nm diameter, it undergoes a transition from semimetal to semiconductor, 

thereby providing an alternative approach to atomic scale transistor scaling.  

Tin is also used as an anode  for lithium ion batteries.3 Key advantages including an 

exceptionally high gravimetric capacity (959 mAh/g),4 good electrical conductivity (9.17 × 104 

S/cm),3 and high Li-ion diffusivity (5.9 × 10-7 cm2/s).5 The major drawback for Sn anodes is the 

large volume expansion (~225%) upon  Li-ion insertion, leading to a loss of electrical contact and 

physical cracking.3 This drawback can be addressed by controlling the metal  film thickness,6 

nanostructure,7,8,9 and morphology.10,11 Typically, Sn films are deposited on anodes by either 

electroplating11 or physical vapor deposition12 but the increasing need for 3D battery architectures 

and porous anode scaffolds13 challenges the coating limits of these techniques. The ability to 

deposit conformal Sn thin films by a thermally-driven atomic layer deposition (ALD) process 

could help address these limitations. 

In this work, we investigate 1,4-bis(trimethylsilyl)-1,4-dihydropyrazine (abbreviated as 

DHP) as a vapor-phase reducing agent for Sn ALD from tin (IV) tetrachloride (SnCl4). First 

synthesized by Saito et al.,14 DHP and its derivatives have been used for the salt-free reduction of 

chloride-containing transition metal complexes. Saito showed that DHP can reduce liquid phase 

transition metal complexes to a lower oxidation state, but did not explore their efficacy in reduction 

of vapor phase species.14 Klesko et al.15 previously utilized DHP as a vapor phase reducing agent 

to reduce TiCl4 to elemental Ti. We propose that DHP can also be used to form Sn metal films via 
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a thermal ALD process at temperatures below the melting point of Sn (231.9 oC). The hallmark 

ALD characteristics of precursor exposure saturation, saturated growth conditions vs number of 

cycles, and ALD temperature window were investigated. Deposited films were tested for thickness 

uniformity and film purity. As a key addition to the understanding of DHP-based metal ALD, we 

utilized in situ analysis tools to characterize the ALD half-reactions, allowing us to propose a 

detailed reaction sequence that is consistent with the resulting material properties. 

2.3 Experimental 

2.3.1 Reactor Setup 

All ALD experiments were conducted in a homemade, hot wall, reactor operating in the 

viscous flow regime. Figure 2.1 shows the reactor schematic. All reactor lines were resistively 

heated to ~100 oC to prevent precursor condensation during the delivery process. The deposition 

chamber (~3.5 cm diameter 316 stainless steel tube) was resistively heated using a proportional–

integral–derivative (PID) temperature controller. The maximum deposition temperature tested was 

210 oC to avoid additional film morphology changes near melting point of bulk Sn at 231.9 oC.16 

The charge cell, indicated in Figure 2.1, allowed for direct precursor charge into a known volume, 

where the pressure could be measured using a MKS Baratron capacitance manometer. The charge 

cell delivery allowed for consistent and controlled precursor exposures by continuously monitoring 

the precursor partial pressure. Dry and clean charge cell volumes were obtained by equipping each 

charge cell with a separate mechanical pump. The reactor also utilized in situ quartz crystal 

microbalance (QCM) and quadrupole mass spectrometry (QMS) capabilities to monitor the 

process during ALD processing. Research grade nitrogen (99.999%, Machine & Welding Supply 

Company) was further purified (Entegris Gate-Keeper) and used as the carrier and purge gas at an 

operating pressure of ~1.5 Torr.  
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2.3.2 ALD Precursors and Delivery 

DHP was obtained from industry partners and was transferred, in a N2-filled glovebox, into 

a quartz bubbler vessel for ALD experiments. The bubbler was connected to the ALD reactor and, 

prior to initiation of ALD experiments, pumped down for ~5 minutes, at room temperature, to 

remove excess N2 and ensure consistent dosing of DHP into the reactor chamber. The DHP bubbler 

was heated resistively and maintained at ~65-70 oC via a PID temperature controller, to maintain 

a precursor pressure of ~1.3 Torr to the charge cell. A typical DHP dosing sequence consisted of 

1) pump down the charge cell until the pressure was below 100 mTorr, 2) close pneumatic valve 

to charge cell pump, 3) charge DHP into charge cell for 3 seconds or until charge cell pressure 

reads ~1.3 Torr, 4) close DHP bottle and open charge cell N2, 5) dose DHP into deposition chamber 

for 3-5 seconds using the charge cell N2 as the carrier gas, 6) purge deposition chamber and charge 

cell for 50 seconds with their respective N2 streams.  

Tin (IV) chloride (SnCl4) was purchased from Strem and used as received. SnCl4 was 

selected as the metal precursor because it has a suitable vapor pressure of 18.6 Torr @ 20 oC17 and 

good thermal stability (up to at least 500 oC).18 The SnCl4 vessel was not heated, but the delivery 

lines were kept at ~100 oC. The dosing sequence for SnCl4 also incorporated the charge cell 

delivery, as was used for the DHP, but with a 1 second precursor charge and 3 second dose into the 

deposition chamber. 

For some experiments, deposited Sn layers were directly coated in the same deposition 

reactor with capping layers consisting of titanium nitride (TiN) followed by titanium dioxide 

(TiO2) ALD at 190 oC. These layers were used to limit Sn surface oxidation and adventitious 

carbon contamination upon exposure to air.  TiN and TiO2 precursors were obtained from Strem 

and used as received. TiN was deposited directly on top of the Sn layer by tetrakis(dimethylamido) 
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titanium (TDMAT) and NH3, with the TDMAT source temperature resistively heated to 45 oC with 

a dosing scheme of TDMAT/N2/NH3/N2:4s/50s/6s/100s. A TiO2 film was then deposited using the 

titanium (IV) chloride (TiCl4) and titanium tetraisopropoxide (TTiP), with the TTiP source 

temperature resistively heated to 80 oC, (TTiP/N2/TiCl4/N2: 2s/50s/1s/50s). Based on our own 

analysis and previous reports of TiN19 and TiO2
20,21 growth rates, we expect that 1300 cycles of 

TDMAT/NH3 produced ~ 80 nm of TiN, and 1500 cycles of TTiP/TiCl4 led to ~45 nm of TiO2 

based on cross-sectional SEM measurements. 

2.3.3 Substrate Preparation  

For ex situ analysis, silicon (100) with native oxide substrates were utilized. Si wafers 

(WRS Materials) were diced into 1 cm × 1 cm pieces using a diamond scribe. To remove the native 

oxide and form hydrogen terminated silicon (Si-H), the cleaved Si pieces were dipped into a dilute 

hydrofluoric acid (dHF) solution (7% by volume) for 30 seconds, then rinsed and stored in 

deionized water. Prior to deposition, cleaved Si pieces were cleaned in hot piranha solution (1:1 

H2SO4:H2O2 v/v) for 30 minutes to remove organic species, followed by a deionized water rinse. 

Cleaned Si substrates were placed on a stainless-steel sample holder specifically designed for 

substrates to be in the center line of the reactor as well as in the center of the ceramic heater 

(location of thermocouple probe during temperature calibrations), inserted into the reactor, and 

pumped down to the reactor base pressure ~0.01 Torr. Before deposition began, the samples and 

sample holder were thermally stabilized for 30 minutes in the reactor under dry N2 flow at the 

operating pressure of 1.5 Torr and the desired deposition temperature, between 130 – 210 °C.  

To inhibit film oxidation when removing the Si samples for ex-situ analysis, a capping 

layer was deposited prior to removal of the samples.  The capping layer consisted of two films. A 

TiN ALD film was deposited directly on the Sn film using TDMAT/NH3 at 190 oC, followed by a 
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TiO2 ALD film using TiCl4/TTiP at 190 oC. Due to previous reports22 of porosity for TiN films 

deposited below 200 oC, a waterless TiO2 ALD process was used to fill the pores in the TiN film. 

Using ALD processes for pore filling has been well represented in the literature.23–26 Selection of  

TiO2 specifically was due to the well-studied, waterless deposition process using readily available 

precursors in our lab.20 

For QCM analysis, Au-coated quartz crystals (Inficon, 6 MHz AT-cut quartz, 0.55” 

diameter, unpolished) were used as received. Before starting deposition runs, the QCM sensor was 

held in the reactor for ~ 4 to 6 hours under dry N2 flow at the operating pressure of 1.5 Torr to 

allow the sensor to reach thermal equilibrium at the desired deposition temperature. Thermal 

equilibrium was reached after changes in steady-state QCM frequency were less than ~0.5 Hz over 

30 minutes. Higher temperatures required longer equilibration times. 

2.3.4 In situ Characterization 

 For QCM experiments, a commercial QCM assembly (Cool Drawer, Inficon) was 

specially modified to allow a constant flow of ~0.3 Torr of N2 to purge the back side of the quartz 

crystal. This modification prevented unwanted deposition during ALD processing on the electrode 

contacts. The modified QCM assembly was inserted into the ALD reactor, with the sensor head 

containing the QCM crystal positioned in the center of the deposition chamber. Mass change 

measurements were recorded using an Inficon SQM-160 controller at a sampling rate of 10 Hz.  

In situ mass spectrometry characterization relied on a MKS Vision 2000c QMS equipped 

with a triple-filtered quadrupole with a mass range of 1-300 amu. Sampled gases were ionized 

using a thoriated iridium filament and detected using an electron multiplier (referenced against a 

Faraday cup detector) with a gain of 100. Calibration of the ionized gas partial pressures was 

performed with a capacitance manometer.  
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To maximize conductance of gaseous species during sampling, the lines connecting the 

reactor exhaust to the QMS inlet had an outside diameter of 2.75 inches. Additionally, these lines 

were maintained at ~100 oC to prevent undesired precursor condensation and maintain effective 

purging. Furthermore, the QMS sampling volume was heated to 85 oC. The reported mass 

fragments for the reactants and products were identified with the aid of NIST mass spectrometry 

database.27 

For direct sampling of the unreacted SnCl4 and DHP molecules, the data were collected by 

directly connecting the QMS to the respective precursor charge cell. Charge cell temperatures were 

maintained at 120 oC to prevent undesired precursor contamination during charge sequences. Prior 

to collecting data, SnCl4 or DHP were pulsed directly through the QMS system for at least 50, 1 

second sub-doses, separated by 5 second N2 purges. This method was used such that the resulting 

spectra should represent characteristic ion fragments for each precursor in the unreacted state. Data 

were then collected continuously from 20 to 240 m/z during precursor sub-doses. 

To monitor the reactants and products during SnCl4/DHP processing, the QMS was 

connected to the outlet of the reactor so that all exhaust gas passed through the sampling chamber 

before going to the rotary vacuum pump.  Prior to collecting data, at least 200 cycles of SnCl4 and 

DHP were used to condition the reactor walls. 

2.3.5 Ex situ Characterization 

Cross-sectional SEM images were taken of the Si/Sn/TiN/TiO2 samples using focused ion 

beam (FIB) and a FEI Verios 460L scanning electron microscope (SEM). For the FIB processing, 

a 25 μm × 2 μm × 2 μm bar of platinum was deposited while the sample was inside the FIB SEM 

chamber to protect the area of interest from destruction during the ion milling process. After the 
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milled channels were prepared in the FIB, the samples were transferred to the Verios SEM for high 

resolution cross-sectional imaging.  

Compositional analysis was performed using a SPECS X-ray photoelectron spectroscopy 

(XPS) system with a PHOIBOS 150 analyzer. An Al Kα X-ray source operated at 400 W was used 

to generate the X-ray beam and Ar ions were used for the sputtering through the deposited layers. 

The gathered data was shifted accordingly by referencing the adventitious carbon peak (C 1s) to 

284.8 eV. CasaXPS software was used to plot the spectra and determine the elemental 

concentrations. The NIST XPS database28 was used for peak identification. Sn film composition 

was also characterized using time of flight secondary ion mass spectrometry (ToF-SIMS) on a 

TOF.SIMS5 (ION TOF, Inc. Chestnut Ridge, NY). The ToF-SIMS instrument utilized a 10 nA, 1 

KeV Cs+ ion for depth profiling over a 200 × 200 µm2 area. Film analysis used a 0.2 pA Bi3
+ 

primary ion beam to analyze a 50 × 50 µm2 area within the sputtered region. 

2.4 Results 

2.4.1 Quartz Crystal Microbalance 

 Figure 2.2 shows the resulting mass change during SnCl4/DHP exposures on untreated, 

Au-coated QCM crystals using SnCl4/N2/DHP/N2 exposure times of 2s/40s/2s/40s, respectively at 

a) 130 oC and b) 170 oC. For depositions at 130 oC, the average mass uptake per cycle was non-

linear for the first 500 cycles, indicative of a nucleation delay. After approximately 500 cycles, the 

average mass change increased to ~1000 ng/cm2/cycle and was linear for the remaining cycles. 

The inset in Figure 2.2 a) shows 3 cycles of SnCl4/DHP at 130 oC, with the individual dose 

indicated by an arrow, within the region where the mass change per cycle was shown to be linear. 

The SnCl4 dose resulted in a mass gain, while the DHP dose resulted in a mass loss. As discussed 

below, the large mass change at 130°C corresponds to film growth outside the ALD temperature 

window.  
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For depositions at 170 oC, growth incubation on Au proceeded over the first 200 cycles, 

followed by linear mass uptake of ~200 ng/cm2/cycle. The inset in Figure 2.2 b) shows 3 cycles of 

SnCl4/DHP at 170 oC, within the region where the mass change per cycle was linear. Similar to 

that observed at 130 oC, SnCl4 dosing resulted in a mass gain, while DHP dosing resulted in a mass 

loss. 

Figure 2.3 shows other QCM results collected at 150 and 210°C.  Prior to recording this 

data, the Au-coated QCM substrates were exposed to at least 500 (at 150 oC) and 200 (at 210 oC) 

cycles of SnCl4/DHP to reduce the potential impacts of film nucleation. The data shows the mass 

change using multiple, consecutive 2 second sub-doses of SnCl4 or DHP, where each sub-dose was 

followed by 100 second (for 150 oC) or 200 second (for 210 oC) N2 purges. Other data (not shown) 

confirms that similar trends were observed for purge times exceeding 40 seconds between doses.  

Figure 2.3 a) shows 5 total SnCl4/DHP cycles, with each cycle consisting of 10 (at 150 oC) 

and 5 (at 210 oC) consecutive SnCl4 sub-doses, followed by 5 consecutive DHP sub-doses. Figure 

2.3 b) shows a zoomed in region from Figure 2.3 a), where SnCl4 and DHP sub-doses are indicated 

with arrows. At 150 oC, the first SnCl4 sub-dose resulted in ~25% of the total mass gain measured 

for all 10 SnCl4 sub-doses, with ~80% of the total mass gain occurring after 7 SnCl4 sub-doses. 

The first DHP sub-dose resulted in ~70% of the total mass decrease for all 5 DHP sub-doses. The 

average mass change per cycle for 10 SnCl4 and 5 DHP sub-doses at 150 oC was 430 + 50 

ng/cm2/cy.  

 The data in Figure 2.3 also shows that for growth at 210 oC, the mass gain during the SnCl4 

sub-doses produces saturation behavior, with > 90% of the mass gain occurring within the first 

two SnCl4 sub-dose. Likewise, for the DHP doses, the first DHP sub-dose resulted in ~95% of the 
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total mass decrease. The average mass change per cycle at 210 oC for 5 SnCl4 and 5 DHP sub-

doses was 250 + 10 ng/cm2/cy.    

The net mass change from QCM in Figure 2.3 and data sets at other temperatures collected 

during steady state saturated growth conditions (after nucleation on Au-coated crystals) was 

analyzed, and the results are shown in Figure 2.4. Saturation was determined when the resulting 

mass change during SnCl4 and DHP sub-doses reached > 95% of the total mass change.  For 

temperatures between 170 and 210°C, the growth rate was nearly constant at ~ 250 ng/cm2/cycle. 

To confirm the observed trend, deposition was performed at least twice at each temperature. Error 

bars in Figure 2.4 represent the standard deviation in the average growth rate obtained from 

separate runs, showing good repeatability in our reactor system. Reduction of the substrate 

temperature led to a net higher growth rate and more significant run-to-run variance.  

2.4.2 Growth Rate on QCM Substrates 

The mass uptake values from QCM analysis, coupled with the expected bulk density of Sn 

(ρSn = 7.3 g/cm3), can be used to estimate the SnCl4/DHP growth thickness per cycle (GPC). The 

value of ~ 250 nm/cm2/cycle corresponds to ~2.7 Å/cy.  The GPC value can be compared to the 

ideal thickness of a Sn monolayer, tm calculated using equation (2.1), where the Sn atomic weight, 

MWSn = 118.71 g/mol, and NA = 6.022 × 1023 molecules/mol: 

𝑡𝑚 = [𝑀𝑊 (𝑁𝐴 × 𝜌)⁄ ]1 3⁄    (2.1) 

From eq. 2.1, the bulk Sn monolayer thickness is ~3Å, indicating that the observed steady-

state mass uptake of 250 nm/cm2/cycle measured by QCM between 170 and 210°C corresponds 

to ~0.9 monolayer/cy.  
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2.4.3 Film Morphology on QCM and Si Substrates 

The films deposited on quartz substrates were analyzed by SEM, and the images are shown 

in Figure 2.5.  Figure 2.5 a) shows an as-received, Au-coated QCM crystal, and b) and c) show the 

resulting films after 1000 cycles of the SnCl4/DHP sequence at 150 oC and 190oC, respectively. 

For depositions at both temperatures, the resulting films were continuous and appear to conform 

to the rough QCM substrate. At 150°C, particles with diameter of several hundred nanometers can 

be observed distributed across the surface, with a broad distribution of particle size. Conversely, 

for depositions performed at 190°C, similar surface particles were not observed. 

We also characterized the films using cross-sectional SEM imaging, as shown in Figure 

2.6. For these samples, the metal deposition was performed on hydrogen-terminated silicon wafers. 

In the same reactor, the with a capping layer was then deposited, consisting ALD of TiN followed 

by ALD TiO2 using conditions described in the experimental section. This film stack is denoted as 

Si-H/Sn/TiN/TiO2. In Figure 2.6, the Sn layer was deposited using 1500 cycles of SnCl4/DHP at 

190 oC. Figure 2.6 a) shows good film uniformity of the deposited Sn layer within the ~ 1 micron 

lateral scale of the image. Magnified images in Figure 2.6 b) show that 1500 cycles lead to a metal 

thickness of 41 + 1 nm. Based on the expected steady state growth rate of ~3 A/cycle, the observed 

thickness suggests that on the Si-H surface, a long incubation period (> 1000 cycles) was needed 

before achieving steady-state growth.    

In Figure 2.6 b), it is noteworthy that the TiO2 and the TiN layers were not discernable 

from one another via cross-sectional   SEM, probably due to interlayer mixing from the pore filling 

process.  The Pt bar was used as a reference, as well as to protect the desired imaging area during 

ion milling.  
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2.4.4 Film Composition 

To better understand the quality of the deposited films, samples from the same run as that 

shown in Figure 2.6 (without the Pt overcoat) were used ToF SIMS and XPS analysis. 

2.4.4.1 ToF-SIMS Depth Profiling 

Figure 2.7 shows the secondary ion counts, obtained via ToF-SIMS, revealing an estimate 

of the species present within deposited films and their interfaces. Figure 2.7 a) shows four distinct 

layers present in the sample.  

The first layer was ascribed to TiO2, with maximum values of TiO2
–, O2

–, and 37Cl– ions 

detected from 0 – 150 seconds sputtering. The Cl was attributed to the TiCl4 coreagent. A drop in 

37Cl– around 150 seconds, coupled with a rise in CN– is attributed to a transition from TiO2 to TiN, 

where the CN– originated from the amino ligands on the TDMAT precursor.  

A third layer corresponds to the deposited Sn, indicated by the Sn– ion counts between 225 

– 300 seconds. The Sn- signal began to rise around 120 seconds of sputtering, which corresponds 

with the start of the TiN layer. The overlap between the Sn and TiN layer is likely due to porosity 

of the TiN films. The Sn ions reach a maximum around 240 seconds of sputtering and remains 

nearly constant until about 300 seconds. The substrate silicon layer is observed by the rise of Si2– 

secondary ions coupled with the decrease in Sn–. 

Figure 2.7 b) shows the ion counts for potential impurities (SnO2
–, CN–, and 37Cl–) within 

the Sn layer.  The SnO2
- intensity tracks well with the SiO2

- signal, reaching a maximum near the 

Sn/Si interface. Maxima for the CN– and 37Cl– ions coincide also appear to reach a maximum near 

the Sn/Si interface. Secondary ion count intensity for CN–, 37Cl–, and SnO2
– appear to decrease 

near the Sn/capping layer interface. 
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2.4.4.2 XPS Depth Profiling 

Figure 2.8 shows the XPS spectra as a function of Ar sputtering time for the same samples 

analyzed in Figures 6 and 7.  After 20 minutes of sputtering to remove adventitious carbon, the 

survey scans in Figure 2.8 a) shown no discernable Cl 1s signal. Ti 2p and O 1s peaks were 

observed at 459 and 531 eV, respectively, which corresponded with the TiO2 portion of the capping 

layer.  

After 120 minutes of sputtering, Sn 3d peaks emerged in the region between 494 and 485 

eV. These peaks were observed during all sputter times analyzed (up to 159 minutes), reaching an 

apparent maximum around 125 – 130 minutes.  

After 159 minutes of sputtering, the increasing intensity of the Si 2p peak at 150 eV is 

indicative of the Sn/Si interface. The small peaks around 319 and 243 eV were assigned to Ar 1s 

and 2p, respectively, due to ion implantation during the sputtering process. It is important to note 

that the Ti 2p and O 1s peaks were observed at all sputter times investigated. It was later discovered 

that the XPS analysis area was unintentionally shifted to the edge of the sputtered area on the 

sample, leading to edge effects and Ti and O appearing to persist throughout the Sn layer. The 

presence of Sn 3d peaks between 120 – 159 minutes sputtering in the survey scans gives a rough 

estimate of the bounds of the Sn layer. 

High resolution scans of the Sn 3d, N 1s, C 1s, and Cl 2p regions were performed to obtain 

elemental concentrations within the Sn layer. Figure 2.8 b) shows the Sn 3d 5/2 region where Sn-

Sn and Sn-O bonds were identified at binding energies of 485 and 486.7 eV, respectively. After 20 

minutes of sputtering, Sn 3d peaks were not discernable from noise, indicative of the capping layer. 

Increased sputtering time from 120 to 130 minutes resulted in decrease in the Sn–O peak intensity, 

coupled with an increase in the Sn–Sn peak intensity. The maximum ratio of Sn–Sn/Sn–O peak 
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area was observed after 130 minutes of sputtering. After sputtering 159 minutes, the ratio of the 

Sn–Sn/Sn–O peak area decreases. This result supports a SnOx region at the Si/Sn interface.  

C, Cl, and N impurities were quantified using high resolution scans of the C 1s, Cl 2p, and 

N 1s after 130 minutes sputtering. Table 1 shows the resulting impurity percentages for films 

deposited at 130 oC and 190 oC. The peak area as well as the relative sensitivity factor were 

considered when calculating the impurity percentages using CasaXPS software. At 130 oC, the Sn 

film contained 5 at.% C, 13 at.% Cl, and 9 at.% N impurities. Conversely, at 190 oC those 

impurities decreased to 3 at.% C, 2 at.% Cl, and 4 at.% N.  The atomic percent of oxygen in the 

Sn layer could not be determined unambiguously due to the oxygen present in the capping layer.  

2.4.5 In situ Reaction Monitoring by Quadrupole Mass Spectrometry 

In situ quadrupole mass spectrometry was utilized to better understand the half reactions 

during SnCl4 and DHP exposures.  For these experiments, the reactor temperature was set at 190 

°C, and reactant dose sequences were described in the experimental section. 

2.4.5.1 Characteristic Mass Fragments of Unreacted SnCl4 and DHP 

Figure 2.9 a) and b) show mass fragmentation patterns for SnCl4 and DHP, respectively, 

collected by the mass spectrometer under constant reactant dosing into the deposition chamber. 

In Figure 2.9 a), the largest peak was observed at m/z = 224, ascribed to SnCl3
-, an expected 

electron impact fragment of SnCl4.  Likewise, in Figure 2.9 b) the most prominent peak occurs at 

m/z = 146, consistent with ionized hexamethyl disilane, which is a likely fragment product of DHP.  

We choose the peaks at m/z = 224 and 146 to monitor SnCl4 and DHP species, respectively, 

because of the favorable signal amplitude and because these peaks do not overlap with other 

expected reactants or byproducts.   
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2.4.5.2 In situ Reaction Analysis during SnCl4/DHP Processing 

Figure 2.10 shows the measured partial pressure at m/z = 224 and 146 as a function of time, 

collected during steady-state deposition at 190 oC using 5 sub-doses of each SnCl4 and DHP, 

separated by N2 purges. The dosing sequence was shown in Figure 2.10 c). 

In Figure 2.10 a) the first SnCl4 sub-dose produces no measurable signal at m/z = 224.   

During the following sub-doses, a peak appears and increases to saturation during the third sub-

dose. Figure 2.10 b) shows no detectable signals for DHP at m/z = 146 or any other peaks shown 

in Figure 2.9 a) during any SnCl4 sub-doses.   

During DHP exposures, Figure 2.10 b) shows the first DHP sub-dose produces a signal at 

m/z = 146, followed by a less intense signal, which appears to saturate, during the 2nd to 5th sub-

doses.  During DHP sub-dosing, no signal was observed related to SnCl4 fragments shown in 

Figure 2.9 a). 

Potential reaction byproducts produced during the SnCl4/DHP reaction include TMS-Cl 

and pyrazine.  From the NIST mass spectroscopy database,28  TMS-Cl is expected to give peaks 

at m/z = 65, 73, 74, 77, 93, and 95, and pyrazine at m/z = 53 and 80.  To observe these products, 

we chose to monitor peaks at 93 and 80, respectively, since they showed the most prominent  

signal-to-noise ratio. The QMS results for TMS-Cl and pyrazine (not shown) were convoluted due 

to overlap with mass fragments of the parent DHP molecule shown in Figure 2.9 b). Other potential 

reaction by-product signals, including m/z = 188 for 1-chloro, 4-trimethylsilyl dihydropyrazine, 

and m/z = 50 for chloromethane, were also collected, but the intensity was too small to be discerned 

from noise for all DHP and SnCl4 sub-dose and purge steps.  



 

43 

 

2.5 Discussion 

2.5.1 Proposed SnCl4/DHP Reaction Mechanism 

Based on the observed growth rate and the in-situ mass spectroscopy results, we 

hypothesize the reaction mechanism for Sn ALD using SnCl4 and DHP in Figure 2.11. During the 

SnCl4 dose step, the SnCl4 is anticipated to adsorb on the deposition substrate, possibly through 

electrostatic interactions between the electron-rich metal surface and the positively charged Sn4+ 

in SnCl4. During the DHP exposure step, available Cl species on the growth surface promote 

cleavage of Si-N bonds in the DHP, forming thermodynamically favored Si-Cl bonds (i.e. 

trimethylchlorosilane) and heterocyclic aromatic pyrazine. The removal of Cl atoms results in the 

donation of electrons to form a Sn–Sn bond. Subsequent formation of Sn–Sn bonds is expected to 

occur until all DHP is consumed or the surface Cl species are not accessible to the DHP molecule. 

The following sections describe the how each key step in this process relates to the observed 

experimental results.  

2.5.1.1 SnCl4 Adsorption  

The QCM results in Figures 2 and 3 show mass gain upon SnCl4 exposure step during 

steady-state growth, consistent with adsorption of the metal halide precursor. Within the ALD 

window (i.e. at 190°C used for QCM), the mass uptake saturates after the first 2 second SnCl4 sub-

dose.  Likewise, the in situ QMS results in Figure 2.10 are consistent with consumption of the 

SnCl4 precursor during the first sub-dose step.  The SnCl4 adsorption step within the ALD window 

is consistent with models of other reactant systems during ALD, including for example, redox 

active Cu(II) precursor dissociation during Cu ALD.29 

At lower temperatures, outside the ALD window (i.e., 150°C), Figure 2.3 shows excess 

mass uptake during SnCl4 sub-doses, and ToF-SIMS (Figure 2.7) and XPS (Figure 2.8) show 

excess Cl, consistent with incomplete Cl desorption.  
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2.5.1.2 DHP Desilylation and Pyrazine Elimination 

QCM results in Figures 2 and 3 show mass loss during DHP exposure, which we ascribe 

to loss of surface Cl forming Sn-Sn bonds and volatile trimethyl chlorosilane and pyrazine, as 

shown in Figure 2.11. The XPS results in Table 1 show a decrease in Cl impurities with increased 

temperature, indicating more efficient removal of Cl by DHP at elevated deposition temperatures. 

Klesko et al.15 hypothesized that since the proposed DHP intermediate ring structure is 

antiaromatic (i.e., 8π e- in the ring structure), the driving force for the metallic surface reduction 

lies in the negative reduction potential of the DHP dianion (E1/2 -2.32 V vs. ferrocene) formed 

during the desilylation process.  

In Figure 2.10 b), the peak at m/z = 146 was relatively large during the first sub-dose and 

decreased to saturation during subsequent sub-dosing. This result would imply that m/z = 146 is 

not only a fragment of the unreacted DHP precursor (Figure 2.9 b), but also a byproduct of the 

SnCl4/DHP process. The propensity to form the hexamethyl disilane structure shown in Figure 

2.10 b) is thus more likely to proceed during Sn ALD processing than during DHP doses only. As 

a byproduct of the reaction, QMS results for the m/z = 146 peak in Figure 2.10 b) are consistent 

with those observed with QCM in Figure 2.3 b). Namely, a single DHP sub-dose is sufficient 

reduce the surface within the ALD temperature window (e.g.t, 190 oC). Thus, m/z = 146, which 

we ascribe to hexamethyl disilane, is a key reaction byproduct during SnCl4/DHP processing. The 

formation of such a mass fragment was not further investigated but could be due to downstream 

reactions of unreacted DHP and/or reaction byproducts (TMS-Cl and pyrazine). 

It may also be possible that the DHP molecule does not bridge two adjacent Sn-Cl sites, 

but instead only removes one chlorine. This absorption step would likely prevent further 

absorption on adjacent Sn-Cl sites due to steric hindrance of the bulky remaining DHP structure. 
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This would also lead to increased Cl, C, and N impurities in the deposited Sn film. Since an 

increase in the Cl, C, and N impurities was measured at lower deposition temperatures (Figure 

2.8), incomplete DHP surface reactions are likely more probable at lower temperature. 

Decreasing C and N contamination with increasing temperature (Figure 2.8) may result 

from more effective pyrazine desorption during N2 purging. Greater C and N impurities at lower 

temperatures observed by XPS are indicative of increased pyrazine incorporation into the film. At 

higher deposition temperatures, less C and N impurities were observed experimentally, which 

indicates more effective pyrazine desorption. 

Lone pair electrons on the N species make pyrazine a weak Lewis base, and may contribute 

to undesired surface interactions. The incorporation of pyrazine species should be observable 

during the DHP dose via QCM, yet a net mass loss was observed at both low and high deposition 

temperatures. Thus, it is likely that excess DHP and as-formed pyrazine are removed during N2 

purging.  

2.5.2 Growth Saturation 

A region of constant mass uptake per cycle was observed via QCM for deposition 

temperatures 170 to 210°C (maximum tested temperature), which suggests an ALD window in 

this temperature range (Figure 2.4). Furthermore, saturated reaction behavior was observed for 

multiple sub-doses of both SnCl4 and DHP within the ALD window by QCM (Figures 3 and 4) 

and QMS (Figure 2.10). 

The large mass uptake measured by QCM was ascribed to the increased surface area due 

to large particles observed on Au-coated QCM substrates (Figure 2.5). Large agglomeration of Sn 

metal has been previously observed during thin film deposition. 30,31 For example, Sn films 

deposited by CVD using Sn[N(SiCH3)2]2 on HF-dipped Si substrates at 350 oC resulted in thick 
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films with the top surface covered with Sn spheres 500 nm – 7.5 µm in diameter.30 According to 

Wang et. al.,31 epitaxial growth of Sn metal on Si substrates revealed Sn island growth with 

continuous layers between islands. This is an example of Stranski-Krastanov growth, where the 

formation of islands occurs in order to reduce the crystal strain energy.32 Such a growth mechanism 

would explain the formation of large agglomeration of surface Sn particles observed in this work 

during ALD processing at low temperatures. Furthermore, for Sn-Al films deposited by co-

evaporation, increasing Sn content from 0 to 10 % was shown to increase the average crystal grain 

size by a factor of at least 5, with films proceeding via an island growth mode.33  

For this work, Sn spheres were observed during ALD processing at 150 oC leading to rough 

surface morphology. Conversely, depositions at higher temperatures (i.e., 190 oC) would promote 

greater surface diffusion, facilitating island coalescence. The nucleation and growth regimes of the 

SnCl4/DHP process requires further study to better understand the discrepancy in expected 

thickness values calculated from the mass change on Au-coated QCM substrates and cross-

sectional SEM observations on H-terminated Si 

In addition to Sn surface agglomerates contributing to the surface area available to ALD, 

unpolished QCM crystals were previously shown to have at least 16% larger surface area than the 

geometric surface area (assuming a planar substrate).34 Rough QCM deposition surfaces, which 

can be seen in Figure 2.5   b), would contribute to the larger net mass gain per cycle observed by 

QCM as this increases the active area available to ALD precursors.34–37 Including the 16% increase 

in active surface area, the average mass change can be adjusted and the resulting GPC at 190 oC 

decreases from 2.7 Å/cy (0.9 monolayer/cy) to 2.3 Å/cy (0.77 monolayer/cy). 

The density of the Sn films was not measured but could also be a contributing factor to the 

SnO2 observed throughout the film. Thus, a capping layer would need to be used to prevent film 
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oxidation, should a metallic Sn layer be desired. Furthermore, the use of an N-free reducing agent 

would presumably remove N impurities from the film, which could increase film quality and 

density. Such a reducing agent was explored, and compared with DHP, by Klesko et al.15 

2.5.3 Film Composition 

ToF-SIMS (Figure 2.7) and XPS (Figure 2.8) data confirm the presence of Sn metal for 

films deposited at 190 oC. As discussed previously, there may be an interfacial SnO2/SiO2 layer 

present at the interface between the Si and Sn film. The maxima of the SnO2
- and SiO2

- peaks in 

Figure 2.7 b) occur at nearly the same sputtering times as the corresponding CN- and 37Cl- maxima, 

which may be due to incomplete surface reactions, leaving behind C, N, and Cl impurities. This 

implies that the Sn film has a higher impurity concentration near the oxide interface but decreases 

as the film thickness increases.  

The impurity content at the Sn/Si interface appears to be, in part, due to starting surface of 

the Si substrate. Since an HF clean was used to remove the ~ 2 nm native oxide, leaving the surface 

hydrogen terminated, the oxygen contamination most likely occurred once the sample was loaded 

into the reactor. Using the QMS, the partial pressure of H2O was measured, using the m/z 18 peak, 

to be ~ 0.002 Torr. This value can be attributed to the background H2O in the reactor. Since samples 

were allowed to reach a thermal equilibrium under N2, with pressure 1.5 Torr, for at least 30 

minutes, a partial oxidation of the Si surface is possible. 

The observation of Sn–O throughout the Sn layer was in part attributed to edge effects 

during XPS analysis. Analyzing a region which contains part of the sputtered edge would provide 

information from range of film depths. Furthermore, it is possible that there could be some mixing 

effects from the TiO2 layer which may be oxidizing the Sn films during Ar sputtering to give SnOx. 

To rule out this mixing phenomenon, a non-oxide capping layer would be needed. The reactor used 
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for this study was not suitable to deposit such a capping layer due to precursor and temperature 

constraints. 

The Sn/Si and Sn/Capping Layer interfacial regions shown in Figure 2.7 are expected to 

be exaggerated. Previous studies have shown that atomic mixing and recoil implantation are 

readily observed at film interfaces.38 Knowledge of this phenomena makes accurately assigning 

layer interfaces to specific sputtering times difficult. For example, TiO2 looks to extend well into 

the Sn layer, yet the sputtering yields of the two materials at the interface are most likely 

responsible for the interfacial blending. It is also apparent that the O2
- counts track with that of the 

TiO2
-, implying that oxygen from the capping layer undergoes atomic mixing and recoil 

implantation and may not be present throughout the Sn film. 

2.6 Conclusions 

This work demonstrated the first thermal ALD process for depositing Sn metal from SnCl4 

and DHP. ALD process parameters were determined, such as an ALD window between 170 – 210 

oC (maximum temperature tested), saturated linear mass uptake (~200 ng/cm2/cy), a growth rate 

of ~0.3 Å/cy, and good thickness uniformity over tens of microns. An oxidation/reduction 

mechanism was proposed for the DHP and SnCl4 system. Firstly, SnCl4 densified on the substrate 

followed by an exposure of the DHP reducing agent. The DHP underwent a desilylation process, 

removing Cl groups from the surface bound Sn-Cl, giving off volatile TMS-Cl and forming an 

intermediate DHP ring structure. The intermediate species, which is an anti-aromatic ring 

structure, donates electrons to form a Sn-Sn bond and eliminate as aromatic pyrazine.  

This mechanism was tested using in situ QCM and QMS experiments. Within the ALD 

window, the SnCl4 appeared to densify on the starting surface leading to a mass increase, and 

saturated after 1- 2 consecutive sub-doses. No other reactants or products were observed during 
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SnCl4 dosing, confirming SnCl4 adsorption and surface densification. DHP sub-doses also revealed 

saturated reaction conditions, with a net mass loss was observed, indicative of Cl removal via 

TMS-Cl byproducts. Since a net mass loss was observed for the DHP dose, it can be assumed that 

the intermediate species is removed before the subsequent SnCl4 dose and most likely eliminated 

as pyrazine. At temperatures below the ALD window, desorption of excess SnCl4 was slower than 

at higher temperature. 

The film purity of the deposited films was analyzed using ToF-SIMS and XPS. A lower 

concentration of C, N, and Cl impurities was observed for Sn films deposited at 190 oC (3 at.% C, 

4 at.% N, and 2 at.% Cl) compared to those at 130 oC (5 at.% C, 9 at.% N, and 13 at.% Cl). At low 

temperature, the higher impurity percentages are most likely due to incomplete SnCl4 desorption, 

which then introduces steric hindrance effects for Cl removal by DHP. Furthermore, the aromatic 

pyrazine molecule produced during the elimination process is a weak Lewis base, which may lead 

further incorporation into the film at lower temperatures. The oxidation/reduction chemistry 

presented here may be applied to other metal precursors and may increase the applicability of metal 

ALD for a variety of purposes. 
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2.8 Figures for Chapter 2 

  

Figure 2.1: Homemade, hot wall ALD reactor with direct-port and charge cell precursor delivery. 

N2 carrier and purge gas was used, with an operating pressure of 1.5 Torr. In situ QCM and QMS 

capabilities were used to monitor the mass uptake and reaction byproducts, respectively, during 

ALD processing. 
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Figure 2.2: Mass change, measured by QCM, as a function of deposition time during 

SnCl4/N2/DHP/N2 (2s/40s/2s/40s) processing at a) 130 oC for 650 cycles and b) 170 oC for 500 

cycles. Depositions were carried out on as-received Au-coated QCM crystals. Inset graphs show 

3 cycles of SnCl4/N2/DHP/N2 within linear mass uptake regions, with solid arrows indicating 

SnCl4 and DHP dosing. 

       a) b) 
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Figure 2.3: a) Mass change vs. deposition time, obtained by in situ QCM, during multiple 

consecutive SnCl4/DHP exposures as a function of the deposition temperature, 150 (top, black 

line) and 210 oC (bottom, red line). b) Magnified region from a) to show sub-dose behavior. Solid 

arrows indicate the instance of 2 second SnCl4 and DHP doses, separated by 100 and 200 second 

N2 purges for depositions carried out at 150 and 210 oC, respectively. 

a) 

b) 
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Figure 2.4: Mass change, obtained by QCM, showing the average mass uptake per cycle obtained 

during SnCl4/DHP depositions at 130, 150, 170, 190, 210 oC. The reported mass change is an 

average of the values obtained with saturated consecutive exposures, at a given temperature. 
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Figure 2.5: Top-down SEM images of a) as-received Au-coated QCM crystal, b) 1000 cycles of 

SnCl4/DHP deposited at 150 oC on Au-coated QCM crystal, c) 1000 cycles of SnCl4/DHP 

deposited at 190 oC on Au-coated QCM crystal. Scale bars 2 µm. 
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Figure 2.6: a) Cross-sectional SEM image of the Si-H/Sn/TiN/TiO2 sample deposited at 190 oC 

(1500 cycles SnCl4/DHP, 1300 cycles TDMAT/NH3, 1500 cycles TTiP/TiCl4) and cut using a 

Focused Ion Beam. The platinum bar was used to protective the area of interest during ion milling. 

Sn films show good thickness uniformity over the micron length scales. b) Magnified SEM image 

of a). The average thickness of the Sn layer was 41 + 1 nm and the total capping layer thickness 

was 129 + 2 nm. 

a) 

b) 
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Figure 2.7: a) ToF-SIMS results of the Si–H/Sn/TiN/TiO2 sample used for FIB SEM. Layers were 

labeled and color coded as follows: “Capping Layer TiO2 and TiN” – yellow, “Sn” – grey, “Si” – 

purple. The ions tracked for the capping layer were TiO2
- (orange), O2

- (red), 37Cl- (teal), and CN- 

(pink). The Sn- (grey), SiO2
- (green), and SnO2

- (blue) were used to identify the Sn region. b) O, 

C, N, and Cl impurities within the Sn region. 

a) b) 
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Figure 2.8: a) XPS survey scans of the Si–H/Sn/TiN/TiO2 stack deposited at 190°C, with offset 

spectra for visual clarity. Each line represents the resulting survey scan of the same sample after 

20 – 159 minutes Ar sputtering. After roughly 120 minutes of sputtering (red line), the Sn 3d 

peaks between 500 - 480 eV start to increase in intensity. A maximum in the Sn 3d peak intensity 

most likely occurs between 125 – 159 minutes of sputtering. After 159 minutes of sputtering, the 

Sn 3d peak intensity decreases accompanied with a rise Si 2p peak intensity, indicative of the 

underlying Si substrate.  b) High resolution scans of the Sn 3d 5/2 region showing Sn–Sn (485 

eV) and Sn-O (486.7 eV) chemical bonds as a function of Ar sputter time of the same samples in 

a). Spectra offset for visual clarity. 

b) 

 

a) 
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Figure 2.9: Analog mass spectrometry scans from direct sampling of each individual charge cell 

(maintained at 120 oC), and thus the unreacted SnCl4 and DHP species. a) SnCl4 mass 

fragmentation patterns for 50 consecutive doses, separated by N2 purges. Most prominent peak 

observed at m/z = 224, with predicted structure of the SnCl4 mass fragment shown. b) DHP mass 

fragmentation patterns for 50 consecutive doses, separated by N2 purges. Most prominent peak 

observed at m/z = 146, with predicted structure of the DHP mass fragment shown. 

a) 

b) 
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Figure 2.10: QMS data during SnCl4/DHP processing at 190 oC on Si substrates for 5 sub-doses 

of SnCl4 followed by 5 sub-doses of DHP, separated by N2 purges. Most prominent mass 

fragments a) m/z = 224 (black) and b) 146 (green) shown with their respective predicted 

structures. c) SnCl4/DHP dosing sequence corresponding to the QMS data in a) and b). 

a) 

b) 

c) 
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Figure 2.11: Proposed reaction mechanism between DHP and two surface-bound SnClx species. 

1) SnCl4 exposure and subsequent densification gives a Sn–Cl surface. 2) DHP is exposed to the 

Sn–Cl surface, breaking Si–N bonds on the DHP to give off TMS–Cl byproducts. 3) Intermediate 

ring structure which can donate electrons to create a Sn–Sn bond and eliminate pyrazine. 4) One 

Sn–Sn bond formed per DHP molecule. 
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2.9 Tables for Chapter 2 

 

 

 

 

 

 

 

 

 

 

 

 

Element 
130 oC 

Atomic% 

190 oC 

Atomic% 

Cl 13 + 2.0 2 + 0.4 

N 9 + 1.5 4 + 0.5 

C 5 + 1.2 3 + 0.4 

  

Table 2.1: Film Impurity Content from XPS Analysis vs. Deposition Temperature 
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CHAPTER 3. Thermal Atomic Layer Deposition of Tungsten Carbide by WCl5 and 

Trimethyl Aluminum  

Eric C. Stevens,† Gregory N. Parsons*,† 

†Department of Chemical and Biomolecular Engineering, North Carolina State University, 911 

Partners Way, Raleigh NC 27695 

3.1Abstract 

A new thermal atomic layer deposition process to deposit tungsten carbide is demonstrated 

using tungsten (V) chloride and trimethyl aluminum from 150 to 325 oC. In situ monitoring of the 

reactions using quartz crystal microbalance showed saturation growth conditions from 300 – 325 

oC, with an estimated growth rate of ~0.12 nm/cycle, corresponding to ~0.5 monolayers/cycle. 

Composition analysis of the deposited films showed a W:C ratio 2:1, implying the formation of 

W2C at 300 oC, with ~13 at.% aluminum incorporation and < 2 at.% chlorine. Deposited films 

were amorphous at all deposition temperatures. From the experimental data, a reaction mechanism 

is proposed for tungsten carbide formation. The use of the reported films as diffusion barrier layers 

would be advantageous due to the higher density and amorphous carbide formed W2C. 

3.2 Introduction 

The unique properties of tungsten carbide (WC) lead to a variety of important uses for WC 

thin films, with a wide range of applications such as inexpensive replacements for Pt and other 

catalyists,1–4 diffusion barriers,5–7 and industrial hard coatings due to high strength, hardness, and 

chemical and thermal stability.8,9 WC films are deposited in a range of ways such as high-

temperature carbonation of tungsten oxide using CH4 and H2,
10 sputter deposition,11–13 chemical 

vapor deposition (CVD),14–16 and atomic layer deposition (ALD).17–20 

Concerning the continued scaling of the semiconductor and memory industries,21 the ever-

increasing need for high-purity films, with controllable film thickness and conformal coating-
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ability on the nanometer scale furthers the demand for new WC ALD processes. Plasma-assisted 

ALD processes by bis(tert-butylimido)bis(dimethylamido)tungsten for thin-film W2C 250 oC was 

shown previously.19 Plasma-based processing typically is limited when considering high aspect 

ratio structures, where radical recombination is increasingly probable as the aspect ratio 

increases.22 Furthermore, plasma processing can sometimes lead to substrate damage, which could 

lead to unacceptable defect formation, hindering performance for microelectronic devices.23,24 

Thermal ALD processing of tungsten carbide thin films has been demonstrated previously 

using WF6 and H2Si(C2H5)2, yet the use of WF6 causes generation of HF species, which can lead 

to undesired etching/damage to other components in semiconductor devices. The investigation of 

thermal WC ALD films with fluorine-free precursors is a necessary to advance the adoption into 

the semiconductor industry. Recently, thermal ALD of WCl6 and Al(CH3)3 was shows to deposit 

high-purity, amorphous WC films with a growth rate of 0.15 – 0.18 nm/cycle between 275 and 

350 oC.17  This study was very promising for applications as Cu diffusion barriers, with resistivity 

values of 1500 μΩ-cm at 375 oC. An understanding of the in situ growth behavior and possible 

reaction mechanisms were not demonstrated experimentally.  

This work presents the findings of a new thermal ALD process for depositing WC, and 

possibly W2C, thin-films using WCl5 and Al(CH3)3. Furthermore, we study the reactions in situ to 

gain insights on possible reaction pathways for the formation of tungsten oxide. 

3.3 Experimental 

3.3.1 Reactor Setup 

All ALD experiments were conducted in a homemade, hot wall, reactor operating in the 

viscous flow regime. All reactor lines were resistively heated to ~150 –170 oC to prevent precursor 

condensation during the delivery process. The deposition chamber (~3.5 cm diameter 316 stainless 

steel tube) was resistively heated using a proportional–integral–derivative (PID) temperature 
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controller. The reactor utilized in situ QCM to monitor the process during ALD processing. The 

deposition temperature range tested was 150 – 325 oC, with the upper bound held below 350 oC 

for consistent and reliable use of quartz crystal microbalance (QCM) instrumentation. Research 

grade nitrogen (99.999%, Machine & Welding Supply Company) was further purified (Entegris 

Gate-Keeper) and used as the carrier and purge gas at an operating pressure of ~1.5 Torr.  

3.3.2 ALD Precursors and Delivery 

Tungsten (V) chloride (WCl5) was obtained from industry partners and was transferred, in 

a N2-filled glovebox, into a stainless-steel vessel for ALD experiments. The WCl5 vessel was 

connected to the ALD reactor and, prior to initiation of ALD experiments, pumped down for ~5 

minutes, at room temperature, to remove excess N2 and ensure consistent dosing into the reactor 

chamber. The WCl5 vessel was heated resistively and maintained at ~145 oC via a PID temperature 

controller. WCl5 was dosed into the deposition chamber via a three-way valve, with N2 as the 

carrier gas. Trimethyl aluminum (Al(CH3)3, or TMA) was purchased from Strem and used as 

received. The TMA vessel was not heated, but the delivery lines were kept at ~150 – 170 oC. TMA 

was dosed into the deposition chamber via a three-way valve, with N2 as the carrier gas. For 

saturation experiments, multiple consecutive sub-doses of each precursor were employed. For 

example, for 2-sub doses of each precursor, denoted as WCl5×2/TMA×2, the following dosing 

sequence was used: [1s WCl5/30s N2/1s WCl5/30s N2] followed by [1s TMA/30s N2/1s TMA/30s 

N2]. 

3.3.3 Substrate Preparation and in situ QCM 

For ex situ analysis, silicon (100) with native oxide substrates were utilized. Si wafers 

(WRS Materials) were diced into 1 cm × 1 cm pieces using a diamond scribe. Prior to deposition, 

cleaved Si pieces were cleaned in hot piranha solution (1:1 H2SO4:H2O2 by volume) for 30 minutes 

to remove organic species, followed by a deionized water rinse. Cleaned Si substrates were placed 
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on a stainless-steel sample holder specifically designed for substrates to be in the center line of the 

reactor as well as in the center of the ceramic heater (location of thermocouple probe during 

temperature calibrations), inserted into the reactor, and pumped down to the reactor base pressure 

~0.01 Torr. Before commencing deposition, the samples and sample holder were dried for at least 

30 minutes in the reactor, under dry N2 flow (operating pressure of 1.5 Torr) and the desired 

deposition temperature, between 150 – 325 °C.  

For QCM analysis, Au-coated quartz crystals (Inficon, 6 MHz AT-cut quartz, 0.55” 

diameter, unpolished) were used as received. A commercial QCM assembly (Cool Drawer, 

Inficon) was specially modified to allow a constant flow of ~0.3 Torr of N2 to purge the back side 

of the quartz crystal. This modification prevented unwanted deposition during ALD processing on 

the electrode contacts. The modified QCM assembly was inserted into the ALD reactor, with the 

sensor head containing the QCM crystal positioned in the center of the deposition chamber. Before 

starting deposition runs, the QCM sensor was held in the reactor for ~ 4 to 6 hours under dry N2 

flow at the operating pressure of 1.5 Torr to allow the sensor to reach thermal equilibrium at the 

desired deposition temperature. Thermal equilibrium was reached after changes in steady-state 

QCM frequency were less than ~0.5 Hz over 30 minutes. Higher temperatures (i.e., > 300oC) 

required longer equilibration times. For QCM experiments, Mass change measurements were 

recorded using an Inficon SQM-160 controller at a sampling rate of 10 Hz.  

3.3.4 Ex situ Characterization 

Compositional analysis was performed using a SPECS X-ray photoelectron spectroscopy 

(XPS) system with a PHOIBOS 150 analyzer. An Al Kα X-ray source operated at 400 W was used 

to generate the X-ray beam and Ar ions were used for the sputtering through the deposited layers. 

CasaXPS software was used to plot the spectra perform composition analysis. High resolution 

scans of the W 4f, C 1s, O 1s, Al 2p, Cl 2p, and Si 2p regions were utilized for calculations of 
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elemental concentrations, considering the relative sensitivity factors given in CasaXPS and the 

XPS NIST database.25 The NIST XPS database25 was used for some peak identification, while 

other peaks were identified from the literature.  

3.4 Results 

3.4.1 Temperature Dependence and on Film Growth by QCM 

The temperature dependence of the WCl5/TMA reaction was explored using QCM. Figures 

3.1and 3.2 show the mass change, measured by QCM, at 150 and 300 oC, respectively, deposited 

on two separate Au-coated QCM substrates (as received). For single exposures of WCl5/TMA 

deposited at 150 (Fig. 3.1 a) and 300 oC (Fig. 3.2 a), the average mass uptake per cycle was linear 

from the first cycle, with values of 210 and 170 ng/cm2/cy, respectively. Increasing the number of 

consecutive exposures to 5 sub doses of each WCl5 and TMA, separated by N2 purges, the average 

mass uptake per cycle increased to 480 and 230 ng/cm2/cy for 150 (Fig. 3.1 b) and 300 oC (Fig. 

3.2 b), respectively.  

To better understand the mass changes during individual doses, the curves shown in 

Figures 3.1 and 3.2 a) and b) were magnified to show three cycles of WCl5/TMA, giving the data 

shown in Figures 3.1 and 3.2 c) and d). For both temperatures, WCl5 exposures resulted in a mass 

gain, while TMA doses resulted in a mass loss. Figure 3.1 d) shows that at 150 oC, the mass 

increase from the first WCl5 sub-dose resulted in ~65% of the total mass gain over the 5 sub-doses. 

Approximately 90% of the total mass gain was reached after the third WCl5 sub-dose. For TMA 

doses, the mass decrease during the first TMA sub-dose accounted for ~64% of the total mass loss, 

with 91% occurring after the third sub-dose. Figure 3.2 d) shows that at 300 oC, the mass increase 

from the first and second WCl5 sub-doses resulted in ~70% and 87% of the total mass gain over 

the 5 sub-doses. For TMA doses, the mass decrease during the first and second sub-dose accounted 

for ~72% and 90% of the total mass loss.  
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The average mass change per cycle as a function of deposition temperature (150 – 325 oC) 

is shown in Figure 3.3. For single exposures, denoted WCl5×1/TMA×1, the averaged mass change 

was ~200 and 150 ng/cm2/cycle for depositions between 150-200 oC and 300-325oC, respectively. 

For five consecutive sub-doses, denoted WCl5×5/TMA×5, the averaged mass change was as large 

as ~500 ng/cm2/cycle at 150 oC, decreasing to ~210 ng/cm2 at 300-325oC. Error bars in Figure 3.3 

represent the standard deviation in the average mass change per cycle obtained from separate runs, 

showing good repeatability. 

3.4.2 Dose Saturation 

The dose saturation behavior was investigated further by investigating the individual mass 

change behavior during WCl5 and TMA sub-doses. A full factorial design of experiments was 

conducted using 1, 3, and 5 sub-doses of WCl5 and TMA. The resulting mass gain and loss during 

WCl5 and TMA sub-doses, respectively, were averaged over the entire run, which was typically 

5-10 cycles. The ratio of the mass gain to mass loss is shown in Figure 3.4 as a function of WCl5 

and TMA sub-doses for deposition temperatures ranging 150 – 325 oC. For lower deposition 

temperatures (e.g., 150 oC) and low sub-doses (e.g., WCl5×1/TMA×1), the mass gain to mass loss 

ratio was consistently greater than that for higher deposition temperatures and a greater number of 

sub-doses. The larger the mass ratio, the greater the mass gain during WCl5 and/or the mass loss 

during TMA doses. The data imply dose saturation is reached using at least 3 sub-doses of each 

WCl5 and TMA and deposition temperatures exceeding 200 oC. 

3.4.3 Growth Rate From QCM 

The average mass uptake (Δm) from Figure 3.3 and the density of tungsten carbide, can be 

used to estimate the expected growth rate per cycle (GPC), in units of nm/cycle, using Equation 

3.1. Using the bulk densities of α-WC and α-W2C of 15.6 and 16.6 g/cm3,26 respectively, the 

GPC = Δm × ρ-1
    (3.1) 
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resulting GPC values as a function of temperature and sub-dosing are reported in Tables 3.1 and 

3.2. The actual density of the deposited films is expected to be less than the bulk values, common 

for thin films deposited by ALD.27–29 Nevertheless, the calculated GPC values in Tables 3.1 and 

3.2 give a good estimate to compare to other reports in the literature. This work found estimated 

GPC values for WCl5×5/TMA×5 processing (which is assumed to be saturated based on QCM 

results), spanning ~0.12 to 0.3 nm/cycle for depositions at 325 and 150 oC, respectively. Previous 

reports found GPC values of 0.13 – 0.17 nm/cycle (250 – 375 oC) for thermal ALD of WCl6/TMA17 

and 0.04 – 0.11 nm/cycle (150 – 350 oC) plasma-enhanced ALD of tungsten tris(3-hexyne) 

carbonyl and N2/H2 plasma.20 The GPC values estimated in this work compare well with WC ALD 

processes reported previously.  

The theoretical monolayer thickness, tm, of WC can be estimated using Equation 3.2: 

𝑡𝑚 = [𝑀𝑊 (𝑁𝐴 × 𝜌)⁄ ]1 3⁄    (3.2) 

where MW, NA, and ρ are the molecular weight (WC - 195.9 g/mol, W2C – 379.7 g/mol), 

Avagadro’s number (6.022 × 1023 molecules/mol), and the density (α-WC - 15.6, W2C - 16.6 

g/cm3), respectively. From Equation 3.2, the estimated monolayer thickness was calculated to be 

~0.28 and 0.34 nm for WC and W2C, respectively. Comparing the monolayer thickness estimates 

with the GPC values in Tables 3.1 and 3.2, we calculate a monolayer growth rate of ~0.5 (325 oC) 

and 1 (150oC) monolayer/cycle for WC and ~0.4 (325 oC) to 0.9 (150oC) monolayer/cycle for 

W2C.  

3.4.4 Film Composition 

To gain insights into the film composition, 200 and 400 cycles of WCl5×2/TMA×2 at 200 

and 300 oC, respectively, were deposited on Si substrates with native oxide. Assuming a GPC of 

between 0.12 ─ 0.15 nm/cy for WCl5×2/TMA×2 dosing at 200oC, 200 cycles would correspond 
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to film roughly 27 nm thick. Assuming a GPC of between 0.09 ─ 0.11 nm/cy for WCl5×2/TMA×2 

dosing at 300oC, 400 cycles would correspond to film ~40 nm thick. Figure 3.5 a) and b) show the 

XPS elemental depth profiles obtained for samples deposited at 200 and 300 oC, respectively.  

For the film deposited at 200 oC, Figure 3.5 a) shows the surface prior to sputtering (i.e., 

concentration at 0 minutes) contained ~35 at.% carbon, likely, in part from adventitious carbon. 

Also, ~37 at.% oxygen and 20 at.% tungsten implied oxidized tungsten, likely a result of ~24-hour 

air exposure during sample transfer for XPS analysis. WC films were also shown previously to 

oxidize in air.15 1 minute of sputtering resulted in decreased carbon content to ~20 at.%, coupled 

with a decrease in oxygen to 25 at.% and increase in tungsten to 40 at.%, corresponding to removal 

of adventitious carbon and surface tungsten oxide, respectively. Due to the rise in silicon content 

to nearly 25 at.% after 10 minutes of sputtering, the elemental concentrations at 6 minutes of 

sputtering are likely indicative of the “bulk” film composition of 42 at.% tungsten, 20 at.% carbon, 

10 at.% aluminum, 20 at.% oxygen, and 4 at.% chlorine. Within the film “bulk”, the ratios of W:C, 

W:O, and Al:O are ~2:1, 2:1, and 0.5:1, respectively. 

For the film deposited at 300 oC, Figure 3.5 b) shows the as-deposited surface (i.e., 

concentration at 0 minutes) contained nearly the same elemental concentrations as for the film 

deposited at 200 oC. Due to the rise in silicon content to ~12 at.% after 40 minutes of sputtering, 

the elemental concentrations at between 16 and 40 minutes of sputtering are likely indicative of 

the “bulk” film composition of 43 at.% tungsten, 20 at.% carbon, 12 at.% aluminum, 16 at.% 

oxygen, and 2 at.% chlorine. Within the film “bulk”, the ratios of W:C, W:O, and Al:O are ~2:1, 

2.7:1, and 0.75:1, respectively. 

Figure 3.6 a) and b) show high resolution scans of the W 4f region for films deposited at 

200 and 300 oC, respectively. For both deposition temperatures, doublet peaks at binding energies 
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of ~35.6 and 37.8 eV on the as-deposited films (i.e., 0 minutes sputtering) are likely from WO3 

species.30,31,10 After sputtering, these peaks decrease in intensity, while the intensity of a new 

doublet at binding energies of 31.6 and 33.8 eV is due to WC bonding.10,4 For increased sputter 

times, the films deposited at 200 oC had a greater WC/WO3 ratio (defined as the total area of the 

doublet for WC divided by the total area of the doublet for WO3) than that for films deposited at 

300 oC. 

Figure 3.7 a) and b) show high resolution scans of the C 1s region for films deposited at 

200 and 300 oC, respectively. For as-deposited films at both deposition temperatures, a peak at 

284.5 eV indicates C-C bonding, likely from adventitious carbon species. After sputtering, the C 

1s peak shifts to lower a lower binding energy. The presence of mostly W-C, with possible Al-C 

bonding, which result in binding energies of 282.832 and 282 eV,33,34 respectively, are likely 

responsible for the peak shift observed at both deposition temperatures.  

High resolution scans of the Al 2p region for WC films deposited at 200 and 300 oC are 

shown in Figure 3.8 a) and b), respectively. For as-deposited WC at both deposition temperatures, 

a peak at 74.5 eV could be due to Al-O (74.8 eV)35 and/or Al-C (73.5 eV)34 bonding. For films 

deposited at both temperatures, the peak increased in intensity and slightly broadened with 

increased Ar sputtering. 

The crystallinity of the films was using XRD (data not shown) and was found to be 

amorphous, similar to previous studies of WC films deposited below 500 oC.17,15 

3.4.5 Thermodynamic Modeling 

In order to understand the potential reaction pathways for WCl5 and TMA, thermodynamic 

modeling was utilized via HSC Chemistry 7.1 software. Initial species were set to 5 moles N2, 1 

mole WCl5(g) and 1.5 moles Al(CH3)3(g) in a closed system, with constant pressure of 2 mbar. The 

temperature was increased from 25 to 400 oC, in 5 oC increments, with the Gibb free energy 
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minimized at each step to give the predicted species at equilibrium, shown in Figure 3.9. Any 

species with an equilibrium concentration less than 1 mmol was not shown.  

At room temperature, WCl5(g) and Al(CH3)3(g) react to give 1 mol of WC(s), 0.75 mol of 

AlCl3(s), 2.5 mol of CH4(g), and 0.5 mol of HCl(g). For temperatures above 75 oC, AlCl3(s) forms 

volatile Al2Cl6(g), leaving only volatile reaction byproducts (excluding solid WC). For reaction 

temperatures exceeding 250 oC, the primary aluminum byproduct is AlCl3(g), rather than Al2Cl6(g). 

It is important to note that this model is for a closed system, which does not consider the removal 

of species. In an ALD reaction, byproducts are removed after each half-reaction. 

3.5 Discussion 

Using the equilibrium species calculated in Figure 3.9, a possible reaction pathway for 

WCl5/TMA can be given as a set of sub-reactions as follows: 

(1) WCl5 (g) → WCl5-x
*
 (s) 

(2) y ∙ Al(CH3)3 (g) + z ∙ WCl5-x
*
 (s) → z ∙ W(CH3)5-x

*
 (s) + y ∙ Al(CH3)Cl2 (g) 

(3) 2z ∙ W(CH3)5-x
*
 (s) → 2z ∙ W(CH2)5-x

*
 (s) + (5─x) ∙ H2 (g) 

(4) z ∙ W(CH2)5-x
*
 (s) + (3─x)∙ H2 (g) → z ∙ WC*

 (s) + (4─x) ∙ CH4 (g) 

Step (1) indicates the WCl5 adsorption step on the substrate, given as WCl5-x
*, where 

dissociative adsorption is likely to occur, decreasing the number of available Cl groups by “x”. In 

this case, altering x changes the reaction stoichiometry, with y and z being the stoichiometric 

coefficients for Al-species and W-species, respectively. Similar precursor dissociation was 

observed previously for Cu ALD.36,37 Step (2) shows the reaction of TMA with the adsorbed WCl5-

x
*, which is predicted to yield a methylated W surface with Al(CH3)Cl2(g), AlCl3(g), or Al2Cl6(g) 

byproduct species. Step (3) shows α-hydride elimination, converting W─CH3 species to W=CH2 

and H2(g), consistent with the mechanisms proposed for WC formation by WCl6/TMA ALD17 and 

((CH3)3CCH2)3W≡CC(CH3)3 CVD.14 Since the oxidation state of tungsten in WC is (IV), such an 
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elimination is required to effectively reduce the oxidation state of tungsten from (V) to (IV). The 

final reaction, step (4) is the conversion to WC, possibly due to an intramolecular transfer, aided 

by the hydrogen produced in step (3) or hydrogen from nearby WC(CH2)5-x
*
(s) species to form of 

volatile CH4(g).
17,38 For the latter case, the formation of W2C may be the net result rather than WC. 

This step is not included but is likely to occur as evidenced by the W:C ratio of ~2:1 found by XPS 

in Figure 3.5. 

Using the reactions defined in steps (1) – (4) above, the stoichiometry can be varied by first 

changing x = 1, 2, and 3, which in turn dictates y and z. Table 3.3 shows the estimated mass 

gain/mass loss ratio by performing a mass balance on the series of steps shown above (1) – (4) for 

x = 1, 2, and 3. For x = 1, 4 Cl groups are available for reaction with TMA, leading to more mass 

lost in the ligand exchange reaction from Cl to CH3 groups. Accordingly, the ratio of mass gain to 

mass loss is lower than for x = 2 or 3, where 3 and 2 Cl groups, respectively, are available to react 

with TMA molecules. 

Experimentally, Figure 3.4 shows that increasing temperature and number of sub-doses 

lead to a convergence in the total mass gain to loss ratio to ~4 – 5. Using the ratio calculated by 

employing a mass balance on the proposed reaction mechanism, this would imply an “x” value of 

roughly 2. This result means that most of the WCl5 exposed to the surface will likely dissociate 

and adsorb as WCl3(s)
*, thus allowing three Cl groups to react during the TMA half cycle. With 

this knowledge, a set of equations predicting the potential WCl5/TMA reaction, with stoichiometry 

proposed based of experimental data, are given as follows: 

(1) WCl5 (g) → WCl3
*
 (s) 

(2) 3∙Al(CH3)3 (g) + 2∙WCl3
*
 (s) → 2∙W(CH3)3

*
 (s) + 3∙Al(CH3)Cl2 (g) 

(3) 4∙W(CH3)3
*
 (s) → 4∙W(CH2)3

*
 (s) + 3∙H2 (g) 
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(4) W(CH2)3
*
 (s) + H2 (g) → WC*

 (s) + 2∙CH4 (g) 

For depositions at lower temperatures (e.g., ratio spanning 6 – 12 at 150 oC), dense packing 

of WCl5 species decreases the number of available Cl species for subsequent reaction with TMA, 

thus increasing observed mass gain to loss ratio. Furthermore, inaccessible chlorine to TMA would 

lead to increased chlorine impurities at lower temperatures, which was observed experimentally 

by XPS as seen in Figure 3.5 a). 

Figure 3.5 a) and b) show aluminum incorporation into the films, ~10 and 13 at.% on 

average for films deposited at 300 and 200 oC, respectively. Previous studies have shown 

aluminum content ranging from ~20 – 29 at.% for WCl6/TMA at 325 – 375 oC,17 ~5 – 10 at.% for 

TiCl4/TMA at 200 – 300 oC,39 10 – 13 at.% for HfCl4/TMA at 270 oC,40 4 – 9 at.% for TaCl5/TMA 

at 300 – 400 oC.41,42 Since TMA is well known to thermally decompose for temperatures > 300 

oC,43,44 Thus the ~10-13 at.% aluminum observed for films in this work is similar to the literature 

for metal carbide ALD using TMA. Furthermore, the chlorine observed in this work was quite low 

(~1 – 2 at.% at 300 oC) when compared to the studies listed above (5 – 20 at.%) 39,40. Similar 

chlorine impurity levels were found for WCl6/TMA (1.3 at.% at 300 oC)17 and TaCl5/TMA (2 - 4 

at.% at 300 - 400 oC) which could be due to the difference in reduction potential for W (+0.1 V) 

versus that for Ta (-0.6 V), Ti (-1.63 V), and Hf (-1.55 V).45 With highly negative reduction 

potentials for Ti and Hf, TMA reduction to form lower oxidation state carbides is more difficult 

than for W and Ta, leading to higher observed Cl impurities. 

The presence of oxygen throughout the films, with steadily decreasing concentration with 

increased sputtering implies oxidation in air. Oxidation is likely a mixture of WO3 and Al2O3, with 

the latter more likely due to Al:O ratios of 0.75:1 and 0.5:1 for films deposited at 200 and 300 oC, 

respectively and the presence of Al – O bonding in the Al 2p XPS spectra (Figure 3.8). The 
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oxidized aluminum incorporated into the film was also observed previously for metal carbide films 

deposited using TMA.40 

3.6 Conclusions 

Tungsten carbide films were deposited using a new thermal ALD process, with WCl5 and 

Al(CH3)3 precursors at temperatures of 150 to 325 oC and 1.5 Torr. The film growth was monitored 

in situ by quartz crystal microbalance, revealing linear mass change per cycle for all tested 

temperatures. From the average mass change per cycle, the growth rate per cycle was calculated 

to be ~0.12 nm/cycle, corresponding to ~0.5 monolayers/cycle, for depositions at 300 – 325 oC. 

Using a full factorial design of experiments, the ratio of mass gain:loss was determined 

experimentally to converge at ~4 for films deposited at high temperature (e.g., 300 oC) and dose 

saturation. This ratio compared well with theoretical estimations using a mass balance on the 

predicted reaction species, indicating a probable reaction mechanism to give WC films. 

Composition analysis of the deposited films showed a W:C ratio 2:1, implying the formation of 

W2C. Furthermore, 1 – 2 at.% chlorine impurities were observed for depositions at 300 oC. 10 – 

13 at.% aluminum was measured in the films, likely due to thermal decomposition of the Al(CH3)3 

precursor at higher temperatures. 
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3.8 Figures for Chapter 3 

  

a) b) 

c) d) 

Figure 3.1: QCM results showing the mass change (ng/cm2) versus process time (minutes) for a) 

100 cycles of WCl5/N2/TMA/N2, with dose times 1s/30s/1s/30s, at 150 oC and b) 50 cycles 

[WCl5/N2]×5/[TMA/N2]×5, with dose times [1s/30s]×5/[1s/30s]×5, at 150 oC. c) and d) are 

magnified images of a) and b), respectively, showing 3 cycles, with WCl5 and TMA doses 

indicated with arrows. 
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a) b) 

c) d) 

Figure 3.2: QCM results showing the mass change (ng/cm2) versus process time (minutes) for a) 

100 cycles of WCl5/N2/TMA/N2, with dose times 1s/30s/1s/30s, at 300 oC and b) 100 cycles 

[WCl5/N2]×5/[TMA/N2]×5, with dose times [1s/30s]×5/[1s/30s]×5, at 300 oC. c) and d) are 

magnified images of a) and b), respectively, showing 3 cycles, with WCl5 and TMA doses 

indicated with arrows. 
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Figure 3.3: Average mass change per cycle (ng/cm2/cycle), obtained from QCM results, versus 

deposition temperatures 150, 200, 250, 300, and 325 oC for WCl5/N2/TMA/N2 (black squares) 

and [WCl5/N2]×5/[TMA/N2]×5 (red circles). 
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a) b) c) d) e) 

Figure 3.4: WCl5/TMA ratio (y-axis) of the averaged mass change obtained by QCM during 

WCl5 and TMA cycling. The number of WCl5 (1, 3, 5 on x-axis) and TMA (1 – black squares, 3 

– red circles, 5 – blue triangles) sub-doses were varied for deposition temperatures of a) 150 oC, 

b) 200 oC, c) 250 oC, d) 300 oC, and e) 325 oC. 

150 oC 200 oC 250 oC 325 oC 300 oC 
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Figure 3.5: Elemental depth profile, obtained using XPS with Ar sputtering, for a) 200 cycles of 

[WCl5/N2]×2/[TMA/N2]×2 at 200 oC and b) 400 cycles of [WCl5/N2]×2/[TMA/N2]×2 at 300 oC 

deposited on Si with native oxide. Species shown, with units of atomic percent, are: W (blue 

triangles), O (black squares), C (red circles), Al (pink upside-down triangles), Cl (green 

diamonds), and Si (navy blue left-triangles). 

a) b) 
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Figure 3.6: High resolution scans of the W 4f region, obtained using XPS with Ar sputtering 

(representative sputtering times indicated above each designated line), for a) 200 cycles of 

[WCl5/N2]×2/[TMA/N2]×2 at 200 oC, and b) 400 cycles of [WCl5/N2]×2/[TMA/N2]×2 at 300 oC 

deposited on Si with native oxide. Raw spectra offset for visual clarity. Expected peaks for WO3 

doublet at ~36 and 38 eV and WCx doublet at ~32 and 34 eV are indicated above raw spectra. 

b) a) 
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Figure 3.7: High resolution scans of the C 1s region, obtained using XPS with Ar sputtering 

(representative sputtering times indicated above each designated line), for a) 200 cycles of 

[WCl5/N2]×2/[TMA/N2]×2 at 200 oC, and b) 400 cycles of [WCl5/N2]×2/[TMA/N2]×2 at 300 oC 

deposited on Si with native oxide. Raw spectra offset for visual clarity. Expected peaks for̶ C─C, 

W─C, and Al─C bonding at ~284., ~283.5, and 282.2 eV, respectively, are indicated above raw 

spectra. 

b) a) 
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Figure 3.8: High resolution scans of the Al 2p region, obtained using XPS with Ar sputtering 

(representative sputtering times indicated above each designated line), for a) 200 cycles of 

[WCl5/N2]×2/[TMA/N2]×2 at 200 oC, and b) 400 cycles of [WCl5/N2]×2/[TMA/N2]×2 at 300 oC 

deposited on Si with native oxide. Raw spectra offset for visual clarity. Expected peaks for Al─O 

and Al─C bonding at ~75 and ~73.5 eV, respectively, are indicated above raw spectra. 

b) a) 
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Figure 3.9: Predicted equilibrium species from the gas phase reaction of 1 mole of WCl5 and 1.5 

moles of Al(CH3)3 from temperatures ranging 25 – 400 oC and pressure of 2 mbar. Only species 

with an equilibrium concentration greater than 1 mmol are shown. The following are the species 

expected at equilibrium, with their anticipated phase indicated as either (g) for gas or (s) for solid, 

CH4(g) (black), AlCl3(g) (red), WC(s) (blue), AlCl3(s) (pink), Al2Cl6 (green), and HCl(g) 

(orange). 
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3.9 Tables for Chapter 3 

 

  

Temperature 

(oC) 

Δm (ng/cm2/cy) 

WCl5×1/TMA×1  

GPC (nm/cy) 

WCl5×1/TMA×1 
Δm (ng/cm2/cy) 

WCl5×5/TMA×5 
GPC (nm/cy) 

WCl5×5/TMA×5 

150 220 0.14 480 0.31 

200 182 0.12 320 0.21 

250 177 0.11 341 0.22 

300 170 0.11 225 0.15 

325 148 0.10 200 0.13 

Table 3.1: GPC from Average Mass Change during WCl5/TMA for ρ (α-WC) = 15.6 g/cm3 
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Temperature 

(oC) 

Δm (ng/cm2/cy) 

WCl5×1/TMA×1  

GPC (nm/cy) 

WCl5×1/TMA×1 

Δm (ng/cm2/cy) 

WCl5×5/TMA×5 

GPC (nm/cy) 

WCl5×5/TMA×5 

150 220 0.13 480 0.29 

200 182 0.11 320 0.19 

250 177 0.11 341 0.21 

300 170 0.10 225 0.14 

325 148 0.09 200 0.12 

Table 3.2: GPC from Average Mass Change during WCl5/TMA for ρ (α-W2C) = 16.6 g/cm3 
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(1) WCl5 (g) → WCl5-x
*
 (s) 

(2) y ∙ Al(CH3)3 (g) + z ∙ WCl5-x
*
 (s) → z ∙ W(CH3)5-x

*
 (s) + y ∙ Al(CH3)Cl2 (g) 

(3) 2z ∙ W(CH3)5-x
*
 (s) → 2z ∙ W(CH2)5-x

*
 (s) + (5─x) ∙ H2 (g) 

(4) z ∙ W(CH2)5-x
*
 (s) + (3─x) ∙ H2 (g) → z ∙ WC*

 (s) + (4─x) ∙ CH4 (g) 

 

 

  

x 
Total Mass Gain 

(g/mol) 

Total Mass Loss 

(g/mol) 

Total Mass Gain

Total Mass Loss
 

1 361 134 2.7 

2 361 96 3.8 

3 361 58 6.2 

Table 3.3: Mass Ratio vs. WCl5/TMA Reaction Pathway 
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4.1 Abstract 

The demand for transistors and memory devices with smaller feature sizes and increasingly 

complex architectures furthers the need for advanced thin film patterning techniques. A pre-

patterned, sacrificial layer can be used as a template for bottom-up fill of new materials which 

would otherwise be difficult to pattern using traditional top-down lithographic methods. This work 

investigates initial growth of TiN, TiO2, and HfO2 thin films during thermal atomic layer 

deposition (ALD) onto a high density, amorphous carbon (aC) sacrificial layer. ALD of TiN by 

TiCl4/NH3 at 390oC, TiO2 by Ti(OCH3)4/H2O at 250oC, and HfO2 by HfCl4/H2O at 300oC on as-

deposited aC films resulted in uninhibited, continuous thin film growth. We find that carbon 

surface reduction and passivation using a H2 plasma resulted in delayed film coalescence for TiN, 

TiO2, and HfO2 on the aC.  After 200 TiN cycles on H2 plasma-treated aC, Rutherford 

backscattering spectrometry shows Ti levels below the detection limit (8×1013 at/cm2), whereas 

SiO2 or Si3N4 substrates show TiN growth of ~6 nm, corresponding to a selectivity of ~200:1. 

Exposing plasma-treated aC to H2O induces nucleation for TiN ALD, consistent with favorable 

nucleation on hydroxyl sites.  Therefore, the H2O co-reagent in TiO2 and HfO2 ALD contributes 

to loss of selectivity compared to TiN ALD using NH3. We conclude that H2O-based processes 



   

99 

 

should be avoided when using APF aC thin films, and maximum ALD selectivity can be achieved 

using a H2 plasma treatment and water-free ALD processing. 

4.2 Introduction 

Fabrication of future nanoelectronic devices will require innovative and scalable patterning 

and coating techniques to transition to 3-D architectures. As a promising options for the 7 nm node 

and beyond, nanowire field effect transistors will require high precision patterning techniques of 

dielectric and metal materials, which may prove challenging using traditional lithography 

techniques.1,2 Furthermore, line-edge roughness and pattern misalignment are the prominent 

challenges for the patterning of sub 10 nm features.1 One method to overcome these challenges is 

using a tone reversal process.3 A tone reversal process utilizes a sacrificial layer, such as a resist 

or amorphous carbon (aC), which is typically patterned using conventional lithography methods, 

followed by refilling the patterned regions with a desired hard mask material (e.g., TiN). This 

trench-filling deposition of the hard mask reverses the image, or tone, created by the initial 

lithography step.  Tone reversal is used, for example, for self-aligned double patterning to extend 

the half-pitch resolution of patterns beyond the capabilities of traditional lithography tools.4 For 

highest precision, it is desirable to deposit the hard mask only within the spaces opened in the 

sacrificial patterning layer by area selective deposition.  

Full realization of a single-step tone reversal will require new approaches to area-selective 

deposition of metal nitrides and oxides onto receptive surfaces without significant deposition onto 

sacrificial carbon. In this article, we describe and demonstrate controlled chemical plasma 

modification of amorphous carbon to achieve area-selective atomic layer deposition (ALD) of TiN 

onto silicon nitride, with minimal deposition on carbon materials patterned with sub-50 nm 

resolution, thus providing a new route to tone reversal without the need for plasma etch patterning. 
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Considering the nanoscale dimensions and complex geometries involved in patterning for 

next generation transistors, the study of aC and its interactions with ALD precursors is of particular 

interest. ALD is a vapor-phase deposition process that incorporates self-limiting half reactions to 

conformably deposit films with sub-nanometer thickness control.5 Since ALD relies on precursor 

chemisorption on the substrate, some ALD processes are inherently selective to specific surfaces 

(e.g., TiO2 on SiH,6 W on SiO2,
7 and Co on C-doped SiO2

8). Additionally, some substrates can be 

chemically deactivated by surface reactions or physical adsorption of non-reactive species. This 

has been demonstrated using self-assembled monolayers as ALD blocking layers on Cu, SiO2, and 

HfO2 surfaces, among others.9–12  

The ALD nucleation and growth on carbon surfaces, including graphene13–16 and carbon 

nanotubes,17–21 has been studied previously. Typical studies seek to identify a means to chemically 

functionalize these carbon surfaces to promote ALD nucleation and facilitate uniform thin-films.19 

The ALD growth inhibition on carbon substrates is less studied, specifically for aC substrates. 

Zhang et. al. showed that TiO2 ALD on graphene only nucleated on surface defect sites at a 

deposition temperature of 200oC, implying that sp2 hybridized carbon is inherently unreactive to 

TiO2 ALD at the given process conditions.14 Similarly, single-walled carbon nanotubes were 

shown to have 1–3 at.% carboxylic acid defects sites,22 and additional functionalization was 

needed to minimize Fe2O3 ALD nucleation delays.17 

This work seeks an in-depth understanding of the nucleation and growth behavior of metal 

oxide and metal nitride ALD on aC, specifically TiO2, HfO2, and TiN. Furthermore, the effects of 

surface pre-treatments on the nucleation density and growth regimes are investigated as a means 

to selectively deactivate aC to these ALD processes. We believe this work will lay the foundation 
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for applications in tone reversal patterning of dielectric-on-dielectric and metal-on-dielectric 

material systems. 

4.3 Experimental 

4.3.1 Substrate Preparation, Plasma and ALD Processing 

The amorphous carbon material (aC) deposited and utilized in this study was Advanced 

Patterning Film (APF),23 which is currently used in the industry for double patterning lithography 

to increase line density and decrease line-edge roughness.24 The APF aC films were deposited on 

300 mm Si (100) wafers in an Applied Materials Producer platform.  High density aC was 

deposited by plasma enhanced chemical vapor deposition (PE-CVD) using acetylene (C2H2) at 

400oC, producing films with a density of 1.5 g/cm3 and thickness of 100 nm. In this same reactor, 

Si3N4 films with a density of 2.56 g/cm3 and a thickness of 50 nm were deposited by PE-CVD at 

400°C using silane (SiH4) and mixture of ammonia (NH3) and nitrogen (N2) plasma.  

Atomic layer deposition of TiO2 and HfO2 was performed in an ASM Polygon 8300 cluster 

tool, with three separate chambers for processing. Using this experimental setup, the APF aC 

deposited in the separate tool could be plasma-treated before being transferred to ALD processing 

without air breaks between chambers, thus removing the variability induced during air exposure 

during sample transfer.  

The three chambers included an ASM EMERALD PE-ALD chamber, used for H2 plasma 

treatments and TiN thermal ALD, and two ASM PULSAR cross-flow thermal ALD chambers, 

one for TiO2 and another for HfO2. These materials were deposited using Ti(OCH3)4/Ar/H2O/Ar 

(4s/8s/2s/4s) at 250oC and HfCl4/N2/H2O/N2 (1s/3s/0.5s/3s) at 300oC, respectively. The reagent 

dose and purge times were selected such that linear growth with uniform thickness were observed 

across the entire 300 mm wafer.  
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In the ASM EMERALD PE-ALD chamber, a hydrogen plasma was generated at the 

showerhead top-electrode using a capacitively-coupled RF power source operated at 13.56 MHz. 

The wafer chuck was used as the counter electrode such that all plasma species were generated 

between the showerhead and substrate. The operating pressure was maintained at 2 Torr with an 

argon inert gas flow. The temperature of the bottom electrode, and thus the wafer, was set to 300oC, 

while the chamber walls and top electrode were maintained at 160oC. The plasma recipe began 

with a thermal equilibration time of 2 minutes under Ar flow. A 10 second, 10% H2/Ar direct 

plasma exposure, with powers between 50 to 400W, was subjected to the wafer, followed by a 1 

second Ar purge. This dosing sequence was repeated to give a total plasma exposure time of 20 

seconds. Following the final exposure, the substrate was subjected to 60 seconds of 100% H2 in 

an attempt to passivate the surface of dangling bonds.  

During TiN ALD in the EMERALD chamber, the wafer chuck (bottom electrode) was 

heated to 390oC, while the walls and showerhead were kept at 160oC. TiN precursors, TiCl4 and 

NH3, were pulsed through the showerhead for 0.8s and 4s, respectively, separated by 1.5s Ar 

purges. 

4.3.2 Characterization 

Elemental depth profiling of pristine and plasma-treated aC substrates was measured by X-

ray Photoelectron Spectroscopy (XPS) using a Theta300 system (Thermo Instruments). XPS 

measurements were carried out using a monochromatized Al Kα X-ray source (1486.6 eV) with a 

spot size of 400 µm. XPS depth profiling utilized Ar+ sputtering ions with and energy of 0.5-2.0 

keV. Obtained XPS spectra were corrected to the C 1s peak at a binding energy of 284.5 eV. The 

total amount of metal oxide or metal nitride deposited on aC and Si3N4 coated Si wafers was 

determined by Rutherford Back Scattering (RBS), in a RBS400 system with a 1.52 MeV He+ ion 

beam. Etching of aC substrates as a function of H2 plasma exposures was determined using 
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spectroscopic ellipsometry (SE) for 49 points on a 300 mm Si wafer (Aleris, KLA Tencor). TiO2, 

HfO2, and TiN particle size and areal density were found using images obtained from a scanning 

electron microscope (SEM, Hitachi SU8000) with a beam energy of 3 kV and a beam current of 

10 pA.  

4.4 Results and Discussion 

 4.4.1 ALD on Untreated aC Substrates 

In order to understand how the untreated aC substrate affects nucleation and steady state 

ALD, TiO2, HfO2, and TiN were deposited on pristine (henceforth referred to as untreated) aC 

surfaces with varying numbers of cycles, and the atomic density of Ti or Hf on the surface was 

measured by RBS. Figure 4.1 shows the Ti and Hf content versus the number of ALD cycles on 

untreated aC for TiO2, TiN, and HfO2 ALD. For untreated aC substrates, a linear increase in the 

amount of material deposited versus the number of ALD cycles was detected, with a growth per 

cycle (GPC) of 1.23×1014 Ti atoms/cm2/cycle, 1.44×1014 Hf atoms/cm2/cycle, and 1.04×1014 Ti 

atoms/cm2/cycle for TiO2, HfO2, and TiN, respectively. Furthermore, the GPC on untreated aC was 

nearly identical to films grown on Si3N4 substrates. Data was not recorded below 96 cycles of TiN 

ALD, but extrapolation of the linear fit through the data implies an inherent delay in linear growth. 

This is likely due to an inherent nucleation delay, where film coalescence and steady state growth 

is likely to proceed via Volmer Weber, or island growth.25 

For each material “i” (where i = TiO2, HfO2, or TiN), Equation 4.1 can be used to convert 

the GPC obtained from RBS, 𝐺𝑃𝐶𝑖
𝑅𝐵𝑆, with units of atoms/cm2/cy to 𝐺𝑃𝐶𝑖

∗
  with units of nm/cy:  

𝐺𝑃𝐶𝑖
∗ = 𝐺𝑃𝐶𝑖

𝑅𝐵𝑆 ×
𝑀𝑊𝑖

𝜌𝑖𝑁𝐴
   (4.1) 

where 𝜌𝑖is the bulk film density, 𝑀𝑊𝑖is molecular mass, and 𝑁𝐴, is Avogadro’s number. The 

resulting values are summarized in Table 1. For direct comparison, the table also includes values 
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for 𝐺𝑃𝐶𝑖
𝑆𝐸 , the growth per cycle on Si substrates measured by spectroscopic ellipsometry (SE). 

The  𝐺𝑃𝐶𝑖
𝑆𝐸values are in agreement with GPC values reported in the literature for TiO2,

26
 HfO2,

27
 

and TiN28 under the same deposition conditions. The values for GPC from RBS and SE agree well 

for TiO2 and HfO2.  

 For TiN, the RBS value is somewhat less than the value from ellipsometry, which we 

ascribe to a film density that is less than that for bulk TiN (5.21 g/cm3 29). The resulting GPC for 

TiO2, HfO2 and TiN ALD on untreated aC substrates was similar to that on Si3N4 for all three 

materials. Thus, ALD growth is uninhibited for TiO2, HfO2, and TiN on untreated aC substrates. 

Furthermore, the untreated aC surface in this study was more reactive towards ALD than 

previously studied graphene or carbon nanotubes. 14,17 Favorable ALD nucleation is ascribed (vide 

infra) to carbon-oxygen sites present on the as-prepared aC.  

4.4.2 aC Surface Composition and Modification Using H2 Plasma Exposures 

When compared to SiO2 or Si3N4, the uninhibited ALD growth observed on untreated aC 

proves that surface modification is required to suppress nucleation. Surface oxygen species, 

specifically OH groups, are expected to be reactive sites for many ALD precursors5,30–32, thus the 

oxygen content in the aC films was investigate. Surface modification was investigated by applying 

a 50 second, 10% H2/Ar plasma exposure, with 100, 200, and 400W powers to 100 nm thick aC 

films deposited on Si wafers.  

For this study, untreated and plasma-treated aC were transferred in air for XPS depth 

profile analysis.  Figure 4.2 shows the surface oxygen concentration (measured by XPS) as a 

function of sputter depth (determined from ellipsometry) for untreated and plasma-treated aC 

films. Untreated aC films had a surface oxygen concentration of ~5.5 at.%, which corresponds to 
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a surface O-content of ~2×1015 O atoms/cm2. After sputtering 1 – 2 nm into the film, the oxygen 

content saturates between ~ 0.5 and 1 at.%, which is likely the bulk oxygen content in aC films.  

Considering that TiO2 ALD proceeds without nucleation delay on untreated aC (Figure 

4.1), ~2×1015 O atoms/cm2 provided sufficient ALD reactive sites for film nucleation and growth 

commensurate with that for SiO2 and Si3N4 substrates. Zhang et. al. also found that for SiO2-coated 

MoS2 layers, a surface oxygen concentration of 3×1015 O atoms/cm2 was  sufficient to enable 

atomic layer deposition of continuous Al2O3 and HfO2 films.33   

Figure 4.2 shows that when untreated aC was exposed to a 50s H2 plasma at 100 or 200W, 

the measured surface oxygen concentration decreased from 5.5 at.%  to 3.5 at.%, while the 

measured bulk value remained unchanged. Similar surface oxygen content for 100 and 200W 

plasma treated aC may be due to a minimum threshold in the plasma density, which increases with 

plasma power, to remove surface oxygen. Increasing the plasma power to 400W resulted in a 

decrease in the measured surface oxygen content to ~2.5 at.%.  

Decreasing initial oxygen content (before sputtering) with increasing plasma power can be 

ascribed to a better resistance to reoxidation for higher plasma powers during air break sample 

transfer. With a greater surface oxygen content which decreases to saturation below 1 at.%, aC 

films likely oxidized during transfer from the deposition chamber to the plasma chamber. Since 

these processes were carried out on separate tools, an air break was unavoidable. If aC films were 

to be deposited and transferred to ALD processing without an air-break, surface oxygen content 

would likely remain below 1 at.%. 

Figure 4.3 shows high resolution XPS scans of the C 1s region for untreated and 400W 50s 

treated aC (which was exposed to air for 20 minutes during sample transfer) using XPS. Also 

shown is the same 400W treated sample remeasured after one week of air exposure. Shown in 
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Table 2, C 1s spectra were deconvoluted (data not shown) and the peak area was used to determine 

relative amounts of the C–C, C–O, and C=O bonding configurations, which were assigned using 

deconvoluted C 1s peak positions reported previously.34,35  

Untreated aC showed mostly C–C bonding, with the majority being sp2 hybridized bonds. 

C–O and C=O bonding were also identified in roughly equal proportions. The addition of a 400W 

50s plasma treatment, followed by a 20 min air exposure during sample transfer, resulted in a peak 

shift attributed to increased sp3 hybridized C–C bonding. Furthermore, C–O and C=O were 

reduced when compared to untreated aC. The 400W plasma- treated sample was remeasured 

following one week of air exposure. A similar proportion of sp2/sp3 hybridization was observed 

with an increase in C–O and C=O bonding. These results suggest that the extent of aC surface 

reoxidation following plasma treatment is dependent on the air exposure time. Previous findings 

show aC oxidation into CO or CO2 with exposure to H2O2 during wet cleans steps.24 Considering 

H2O is a weaker oxidant than H2O2, the surface oxidation in the case of air exposed aC should be 

kinetically slower. We observe that 20 minutes of air exposure does not completely reoxidize the 

plasma-treated aC surface, suggesting surface termination of hydrophobic groups. 

During the aC plasma treatment, H2 plasma likely etches the aC, removing surface oxygen 

species, and forming hydrophobic –CHx groups.  Such a chemical change is expected to impede 

the nucleation ALD precursors during processing.6,30 

4.4.3 Optimization of H2 Plasma Conditions 

In order to probe the aC surface immediately following H2 plasma treatments, an in situ 

experiment was conducted using TiO2 ALD. Utilization of the ASM Polygon 8300 cluster tool 

allowed for air-free transfer of wafers, and thus no surface re-oxidation of the plasma-treated aC 

films, from the plasma processing chamber directly into a TiO2 ALD deposition chamber. The 

amount of TiO2 deposited on plasma-treated aC substrates could then be used to study the efficacy 
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of various plasma conditions in delaying ALD nucleation on aC  substrates. The aC films were 

treated with various plasma treatments and transferred, without an air-break, to an adjacent 

chamber for TiO2 ALD using Ti(OCH3)4 + H2O at 250oC. Figure 4.4 a) shows the surface density 

of Ti atoms (measured by RBS) on aC substrates after various 10% H2/Ar plasma treatments 

plotted as a function of the amount of aC etched (measured by ellipsometry). The H2 plasma power 

(50, 100, 200, and 400W) and exposure time (10, 50, and 100s) were varied for a fixed number 

(30 cy) of Ti(OCH3)4 + H2O cycles.  

The etch rate of aC depended on the H2 plasma conditions. No thickness change was 

detected by ellipsometry for aC films subjected to 50W 50s plasma treatments. Increasing the 

plasma power to 100, 200, and 400W resulted in a linear increase in aC etching. Furthermore, an 

increase in the exposure time, for a constant plasma power also led to a linear increase in the 

amount of aC etched. The aC etching byproducts are likely volatile hydrocarbons generated by 

reactive H2 plasma exposures. 

Results in Figure 4.3 show that the H2 plasma power and exposure time significantly 

affected the amount of deposited TiO2, suggesting that the rate of TiO2 nucleation and growth can 

be slowed by decreasing O content and increasing –CHx passivation. Compared with untreated aC 

(labelled as 0W), a 50W plasma for 50 seconds did not alter the amount of Ti detected by RBS, 

yielding a Ti content of ~3x1015 Ti atoms/cm2. This amount of Ti was similar to that obtained after 

30 cycles TiO2 on an untreated aC substrate (see Figure 4.1) and resulted in a closed and continuous 

film. Increasing the plasma power to 100, 200, and 400W resulted in a decreasing Ti-content 

corresponding to delayed TiO2 deposition. Plasma exposures of 200W for 100 seconds and 400W 

for 50 seconds resulted in a Ti content below the detection limit of the RBS instrument used for 

these experiments, which was ~8x1013 Ti atoms/cm2. 
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For the same aC thickness loss, the amount of deposited Ti decreases with increasing 

plasma power. This further confirms that the H2 plasma removes reactive surface oxygen species 

by etching the O-rich top layer and passivates the aC top surface, where the extent of this 

passivation increases with the H2 plasma power.  

For a desirable selective-area ALD process, the amount of aC etched should be as small as 

possible to decrease line-edge roughness and line placement error, while also maximizing 

nucleation inhibition. Since the amount of etched aC for the 400W 20s treatment was ~3-4 nm, 

compared to ~9 nm for the 400W 50s treatment, a 400W 20s treatment was selected as a “standard” 

pretreatment condition to assess nucleation during TiO2, HfO2, and TiN ALD. 

4.4.4 Nucleation and Growth of TiO2, HfO2, and TiN ALD on Plasma-Treated aC and Si3N4 

Substrates 

As shown in Figure 4.3, the 400W 20s H2 plasma treatment on aC removed surface oxygen 

with a minimal amount of C etching.  Therefore, we explored this treatment condition on aC and 

Si3N4 as a means to modify nucleation for TiO2, HfO2, and TiN ALD. Figure 4.5 shows that a 

400W plasma pre-treatment was sufficient to delay the onset of linear growth for all deposited 

films. All three materials grown on plasma-treated aC displayed an incubation period of 50 cycles, 

45 cycles, and 320 cycles for TiO2, HfO2, and TiN, respectively. During this incubation period, 

the amount of material detected by RBS was at or below 1x1014 atoms/cm2. The growth delay is 

most pronounced for the TiN ALD. For 320 cycles, the Ti content is reduced by two orders of 

magnitude by applying the H2 plasma treatment, i.e. from 2.7x1016 atoms/cm2, which corresponds 

to a 9 nm TiN layer, to 1x1014 atoms/cm2, which corresponds to less than a monolayer.  

While the H2 plasma passivates the aC surface for TiO2, HfO2 and TiN ALD, it does not 

passivate the Si3N4 surface. The growth remains linear on H2 plasma-treated Si3N4 (Figure 4.4), 

indicating that reactive sites for precursor adsorption remain present after the H2 plasma treatment. 
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This is promising for area-selective deposition, as growth proceeds linearly on the H2 plasma-

treated Si3N4 surface, while it is significantly delayed on the H2 plasma-treated aC surface. Using 

the Ti content measured by RBS for untreated and plasma-treated aC, an estimated selectivity of 

~200:1 (untreated aC:plasma-treated aC) was obtained. Previous results of Si3N4 films treated with 

hydrogen plasma showed water contact angles of 65.5o,36 which would still be classified as 

hydrophilic and thus explain the observed trend of steady state ALD growth on plasma-treated 

Si3N4. 

To understand possible factors that may limit area-selective deposition, we studied the 

nucleation behavior on the passivated aC surface by investigating the morphology of the deposited 

materials as a function of the number of ALD cycles using SEM. The corresponding top-down 

SEM images for various cycles numbers deposited on aC substrates (corresponding to those from 

Figure 4.5) can be seen in Figure 4.6 a), b), and c). SEM reveals that after a certain number of 

cycles, the material exists in the form of small islands or particles rather than as a continuous film. 

An island growth mechanism can indeed be expected for substrate inhibited ALD. 37,38 For aC 

substrates with less than 20 cycles of TiO2 and HfO2 and 200 cycles of TiN, particles could not be 

observed with the Hitachi SU8000 SEM. Figure 4.6 shows that for samples with Ti content below 

the RBS detection limit (~8x1013 atoms/cm2), for example 200 cycles TiN and 30 cycles TiO2, 

islands are still observed by SEM. The islands shown for the 200 cycle TiN sample were not 

verified to be TiN and thus could be particles generated during sample cleaving or other 

adventitious contamination.  

From the SEM images in Figure 4.6, the particle density and surface coverage can be 

obtained to better understand differences in the nucleation and growth behavior for the different 

ALD processes. Figure 4.7 shows the resulting particle density and surface coverage of TiO2, 
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HfO2, and TiN ALD on plasma-treated aC as a function of the amount of material deposited by 

RBS. Figure 4.7 a) shows that the nuclei density reaches a maximum for HfO2 and TiO2 for nearly 

the same amount of material deposited (~1×1014 at/cm2), while the maximum nuclei density for 

TiN is delayed nearly two orders of magnitude (~1×1016 at/cm2). Considering a similar max 

particle density for HfO2 and TiO2 ALD, for the same amount of deposited material, aC surface 

reoxidation during H2O exposures is thus also comparable. It follows that H2O exposures are the 

major contributing factor in the generation of nucleation sites of the plasma-treated aC, and that 

any differences resulting from HfCl4 and Ti(OCH3)4 do not play a key role. 

After reaching a maximum in nuclei density, there is a constant decrease in the density 

value, which implies partial island coalescence. For all three materials, nearby islands appear to 

coalesce prior to total film coalescence, which is indicative of a gradual decrease in nuclei. 

For the same amount of material deposited, HfO2 had the largest nuclei density on the 

plasma-treated aC for all cycle numbers. Furthermore, TiN had the smallest overall nuclei density 

up until a Ti content of 1016 at/cm2, in line with the longest growth delay observed by RBS (Figure 

4.4).  

Figure 4.7 b) displays the surface coverage of the TiO2, HfO2, and TiN particles shown in 

Figure 4.6. The nuclei surface coverage for HfO2 was consistently greater than that for TiO2 or 

TiN for the same amount of material deposited, although the surface coverage for TiO2 was nearly 

equal to that of HfO2 for more than 120 cycles. Comparing the surface coverage for the same 

amount of material deposited implies that the TiN nuclei are larger and less dense than those for 

TiO2 or HfO2. This is again in line with the much longer growth delay for TiN, as observed by 

RBS (Figure 4.4). Larger and less dense nuclei could suggest a difference in the surface chemistry 

during ALD processing, as discussed in the following section. 
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The presence of nuclei in Figure 4.6 after just 20 cycles of TiO2 or HfO2 could be, in part 

due to surface damage incurred during plasma exposures. Such surface damage could be from ion 

bombardment and implantation during plasma exposures, since a direct plasma was used.39 It is 

possible that surface damage could be reduced by using a remote plasma, where ions may be 

filtered out prior to contacting the surface and only radicals react. Since the nucleation appears to 

be different for TiN ALD, compared with TiO2 and HfO2, the aC surface damage due to plasma 

exposures is most likely not the dominant factor in the creation of nucleation sites. Thus, the 

dominant factors which lead to ALD nucleation on plasma-treated aC substrates is probably due 

to either residual surface oxygen (bulk was not O-free, ~1 at.%) and/or surface reoxidation due to 

H2O exposures. The former is an inherent property of the aC material used in these experiments 

and could be avoided by using an oxygen-free aC alternative. The latter was investigated and 

reported in Section 4.6. In addition to H2O, chemical or physical interactions with NH3, TiCl4, and 

Ti(OCH3)4 and the aC surface could lead to undesired nucleation. These precursor affects were not 

studied due to experimental limitations. 

4.4.5 Selectivity Loss of Plasma-Treated aC 

In comparing TiN to TiO2 and HfO2 ALD on plasma-treated aC, we hypothesize that H2O 

plays a key role in the selectivity differences during increased cycling. Since TiN is a water-free 

process, we studied the effect of water exposure on nucleation of TiN.  Figure 4.8 shows top down 

SEM images of plasma-treated aC substrates subjected to a) 0, b) 1, c) 10, and d) 20 H2O exposures 

(2s dose, 4s Ar purge at 250oC) followed by 150 cycles of TiN ALD. TiN nuclei, if present, were 

not observed for the aC control (not subjected to H2O).  Introduction of water exposures after 

plasma treatment but before TiN ALD leads to visible nucleation.   

The resulting particle density and nuclei areal coverage, obtained using image analysis on 

SEM images from Figure 4.8 are shown in Figure 4.9. Introduction of one H2O exposure is 
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sufficient to induce TiN particle nucleation, with 20 H2O exposures leading to a TiN particle 

density and areal coverage exceeding that of plasma-treated aC samples with 320 cy TiN ALD. 

Furthermore, introduction of new nucleation sites via H2O exposures agrees with the results in 

Figure 4.2 showing oxidation of aC upon air exposure that reactivates the aC for TiN ALD.  

From Figure 4.2, air exposure results in ~5.5% oxygen species being present within the top 

1-2 nm of the untreated aC films. The H2 plasma etches through the top few layers of aC to remove 

the oxygen, producing a hydrophobic surface termination that inhibits subsequent precursor 

adsorption. H2O dosing during ALD eventually oxidizes the surface, leading to nucleation. 

Conversely, NH3 based processes, such as TiN ALD will lead to increased selectivity, as observed 

in Figure 4.6. Since H2O is more polar than NH3, H2O is expected to adsorb more readily on defect 

sites (generated during plasma treatment) or ~1 at.% bulk oxygen in aC films. These results 

confirm our hypothesis that selectivity loss during HfO2 and TiO2 ALD occurs via re-oxidation of 

the aC surface during H2O exposure. 

Regarding the Ti(OCH3)4, HfCl4, and TiCl4 precursors, differences in surface mobility 

and/or the surface adsorption of metal-organic versus metal-halide precursors could contribute to 

differences in selectivity. The -Cl and/or -OCH3 ligands may play a significant role in the creation 

of defect sites, leading to subsequent H2O or NH3 adsorption. Considering that no Ti or N were 

detected by XPS for plasma-treated aC after 200 cycles of TiN, either the Cl-induced defect density 

is low and/or NH3 adsorption on any Cl-induced defect sites is kinetically limiting.   

4.5 Conclusions 

 In this work, we show that nucleation of HfO2, TiO2, and TiN during thermal ALD on aC 

surfaces can be affected using H2 plasma pretreatment, where the H2 plasma acts to remove surface 

oxygen and inhibit precursor adsorption. Similar H2 plasma treatments on Si3N4 and SiO2 

substrates does not impede ALD nucleation, allowing inherent selective ALD of HfO2, TiO2, and 
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TiN to proceed on Si3N4 and SiO2 with minimal deposition on aC. After treating aC with a H2 

plasma at 400W for 20s, 30 cycles of thermal TiO2 ALD led to no detectable Ti on the aC by RBS 

analysis (with a detection limit of 8×1013 at/cm2). 

We also found that using H2O as a co-reagent for TiO2 and HfO2 ALD promote unwanted 

nucleation due to aC surface oxidation. Using NH3 during TiN ALD allowed 200 cycles of growth, 

corresponding to ~6 nm on TiN on Si3N4 and SiO2 substrates, without significant growth on aC. 

Thus, H2O plays a key role in the surface reactivity to ALD precursors and should be avoided if 

long nucleation delays, with minimal defect generation are desired.  

Due to experimental constraints, aC films were required to be deposited in a separate tool 

than where plasma and ALD processing was conducted. If aC films could be grown and transferred 

air-free for ALD processing, the nucleation and growth are expected to be affected. For water-

based ALD processes, the effect should be minimal, due to the fast nucleation and steady-state 

film growth observed in Figure 4.1. Thus, for water-based ALD processing, a plasma treatment is 

required to inhibit ALD nucleation. For water-free processes, such as TiN by TiCl4 and NH3, the 

effects are less clear and require further investigation. 

Overall, this work confirms and quantifies important capabilities for selective nucleation 

during ALD of metal oxides and nitrides on aC surfaces, and mechanistic understanding helps 

direct future research toward more highly selective processes that are scalable to high throughput 

manufacturing.  
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4.7 Figures for Chapter 4 

 

  

Figure 4.1: Ti and Hf content, measured by RBS, for TiO2 (blue circles), HfO2 (red triangles), and 

TiN (black squares) ALD films deposited on untreated aC (closed shapes) and Si3N4 (open shapes) 

versus the number of ALD cycles. 
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Figure 4.2: Oxygen concentration determined by XPS depth profiling of 100 nm aC films 

deposited on Si wafers. Untreated aC sample (green upside-down triangles) represents as-

deposited films with no plasma processing. aC films were treated with hydrogen plasma for 100W 

50s (black triangles), 200W 50s (red diamonds), and 400W 50s (blue circles). 
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Figure 4.3: High resolution XPS scans of the C 1s region for untreated aC (black line), 400W 50s 

plasma treated aC with 20 minutes air exposure after processing (red line), and the same 400W 

50s treated aC sample measured after 1 week of air exposure. C–C, C–O, and C=O bonding types 

can be ascribed to peak energies of 284 – 285, 286, and 288 eV, respectively. C–C sp2 and sp3 

bonding hybridization was indicated at 284 and 285 eV, respectively. 
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Figure 4.4: a) Resulting content of Ti (by RBS) on aC substrates for 50 (orange square), 100 

(black triangles), 200 (red diamonds), and 400W (blue circles) plasma power for 10, 50, and 100s 

exposure times followed by 30 cycles of TiO2 ALD at 250oC. A 0W (green triangle) treatment 

represents untreated aC when no plasma was used, thus serving as the control sample. The RBS 

detection limit for Ti was determined to be ~8×1013 at/cm2 for the tool. 
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Figure 4.5: Ti or Hf content from RBS, in units of atoms/cm2, obtained after ALD growth on 

untreated aC (black squares), plasma-treated Si3N4 (blue triangles), and plasma-treated aC (red 

circles) substrates for a) TiO2 by Ti(OCH3)4/H2O at 250oC b) HfO2 by HfCl4/H2O at 300oC c) TiN 

by TiCl4/NH3 at 390oC.   

a) b) c) 
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Figure 4.6: Top-down SEM images obtained for ALD a) TiO2, b) HfO2, c) TiN films for various 

numbers of cycles after plasma treatment on aC blanket substrates. All scale bars are 100 nm 

a) 

b) 

c) 
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Figure 4.7: a) Particle density (1/cm2) and b) nuclei areal surface coverage (from SEM image 

analysis) as a function of the amount of material deposited (obtained from RBS measurements) 

for HfO2 (red squares), TiO2 (black squares), and TiN (blue triangles) on 400W 20s H2 plasma-

treated aC. The corresponding number of cycles for the particle density and areal coverage of 

TiO2 and HfO2, from left to right, are 20, 30, 60, 90, 120, and 200 cycles. Similarly, the 

corresponding number of cycles for TiN, from left to right, are 200, 320, 480, 640 cycles.  

a) 

b) 



   

121 

 

  

Figure 4.8: Top down SEM images of plasma-treated aC blanket substrates with a) 0, b) 1, c) 10, 

and d) 20 2s H2O exposures (with 4s Ar purges) at 250oC followed by 150 cycles of TiN ALD. 

Scale bars 100 nm. 

b) a) 

d) c) 
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Figure 4.9: a) Particle density (1/cm2) and b) nuclei areal surface coverage as a function of the 

amount of material deposited (obtained from RBS measurements) on 400W 20s H2 plasma-treated 

aC. Plasma treated aC substrates subjected to 1, 10, and 20 H2O water exposures (2s dose, 4s Ar 

purge) followed by 150 cycles of TiN ALD (open blue triangles). Plasma-treated aC substrates 

not subjected to H2O, with 200 and 320 cy TiN ALD are also given for reference (closed blue 

triangles). 

a) 

b) 
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4.8 Tables for Chapter 4 

 

  

Parameter TiO2 HfO2 TiN 

ρi (g/cm3) ref.29 3.9 9.7 5.2 

MWi (g/mol) ref.29 79.9 210.5 61.9 

𝐺𝑃𝐶𝑖
𝑅𝐵𝑆 (1014 at./cm2/cy) 1.2 1.4 1.0 

𝐺𝑃𝐶𝑖
∗ (nm/cy) 0.04 0.05 0.02 

𝐺𝑃𝐶𝑖
𝑆𝐸  (nm/cy) 0.043 0.050 0.031 

Table 4.1 TiO2, HfO2, and TiN Bulk Film Properties 
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Sample C–C sp2 C–C sp3 C–O C=O 

Untreated aC 57% 35.5% 4% 4.5% 

400W 50s aC 

20 minutes 
39% 58% 2.5% 0.5% 

400W 50s aC 

1 week 
35% 56% 5% 4% 

Table 4.2 C 1s Peak Deconvolution for Plasma Treated aC 
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5.1 Abstract 

Understanding the nucleation during atomic layer deposition is very important for 

continued advances to be made in area-selective deposition. In this work, we apply a nucleation 

model to describe the atomic layer deposition of TiO2, HfO2, and TiN ALD on H2-plasma treated 

aC. First, we apply the well-established Island Growth Model, which assumes periodic spacing of 

nuclei and no additional generation of nucleation sites. Then we modify the Island Growth Model 

according to the Avrami Equation, allowing random distribution of nucleation sites which increase 

at a constant rate. For TiN nucleation on plasma-treated aC, the modified Island Growth Model 

best fit the data, where the nucleation density was approximated using a linear expression with 

initial nucleation density of 1 × 10−4nm-2 increasing at a rate of 3 × 10−6nm-2cy-1. For TiO2 and 

HfO2 nucleation on plasma-treated aC, the modified Island Growth Model data best fit the data 

assuming a constant initial nucleation density of 1.8 × 10−2nm-2 and 2.5× 10−2nm-2, respectively, 

and no additional site generation. The discrepancy is likely due H2O absorption on plasma-treated 

aC for metal oxide ALD, leading to a roughly two order-of-magnitude increase in initial nucleation 

density. This work demonstrates that the modified Island Growth Model is a straightforward and 
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accurate method to model ALD nucleation phenomena and warrants further study for other area-

selective ALD processes. 

5.2 Introduction 

The use of atomic layer deposition (ALD) in the semiconductor industry is well 

established,1–4 and is quickly gaining attention for advanced patterning applications.5,6 ALD 

utilizes cyclic processing of self-limiting half reactions to grow thin films with sub-nm control 

over the thickness.7,8 Area-selective ALD is defined as a process which grows a film selectively 

to one substrate over another, for example TiO2 on SiO2 versus hydrogen-terminated Si9 and Co 

metal on Pt vs Si with native oxide.10 Understanding the nucleation during area-selective ALD on 

both the desired growth and non-growth substrates is extremely important to improve performance 

in accelerate adaptation of these processes into the industry. 

Various models to describe nucleation in many different ALD processes have been 

investigated. For example, the well-established Island Growth Model was shows to accurately 

predict the nucleation and growth during Al2O3 and ZrO2 on hydrogen-terminated Si (Si-H).11,12 

Furthermore, an analytical model for island growth of different shapes was demonstrated 

previously.13 An underlying issue with these models the that they assume ordered distribution of 

nuclei on the surface, which is an appropriate assumption for some processes. These models would 

not be able to predict the growth of a species that is selectively grown (or not grown) on certain 

areas of a substrate. For example, Pt ALD was shown to selectively deposit only on graphene grain 

boundaries, leaving the rest of the graphene surface uncoated.14 A model describing island growth 

and coalescence on Cu ALD on TaN was described by Hagen et. al, but the complexity of the 

model required simulation in Matlab.15 Additionally, a kinetic model of Ru nucleation on SiO2  

and Si3N4 surfaces was also proposed, yet had many adjustable parameters which need to be 
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carefully defined or calculated (such as the rate at which nuclei capture monomers by surface 

diffusion).16 

A kinetic model describing the phase transition during the nucleation and growth of a new 

phase on specific surface sites was described by Melvin Avrami.17–19 This model allows for 

calculations of nucleation phenomena for a random distribution of nucleation sites, which are 

allowed to vary as a function of time. Since being introduced in the late 1930s, the Avrami 

Equation was been applied in many ways20,21 but has yet to be applied to describe nucleation in 

selective deposition on aC substrates. Thus, we modify the Island Growth Model to compare fit 

results for the nucleation of TiO2, HfO2, and TiN ALD on plasma-treated aC substrates. 

5.3 Experimental 

5.3.1 aC Substrate Preparation 

Substrates were prepared by depositing high-density amorphous carbon (Advanced 

Patterning Film)22,23 films on 300 mm Si (100) wafers by plasma-enhanced chemical vapor 

deposition (PE-CVD) using acetylene (C2H2) at 400oC in an Applied Materials Producer platform.  

5.3.2 Atomic Layer Deposition and H2 Plasma Processing 

H2 plasma exposures were used to remove oxygen species and terminate the aC surface 

with C-C and C-H bonds. Plasma and atomic layer deposition of TiO2, HfO2, and TiN were 

performed in an ASM Polygon 8300 cluster tool, allowing for plasma-treated substrates to be 

transferred without air breaks for ALD processing. TiO2 and HfO2 were deposited in an ASM 

PULSAR cross-flow thermal ALD chamber using Ti(OCH3)4/Ar/H2O/Ar (4s/8s/2s/4s) at 250oC 

and HfCl4/N2/H2O/N2 (1s/3s/0.5s/3s) at 300oC, respectively. TiN depositions were performed in 

an ASM EMERALD PE-ALD chamber, the wafer chuck (bottom electrode) was heated to 390oC, 

while the walls and showerhead were kept at 160oC. TiN precursors, TiCl4 and NH3, were pulsed 

through the showerhead for 0.8s and 4s, respectively, separated by 1.5s Ar purges. The reagent 
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dose and purge times for TiO2 and TiN were selected such that linear growth with uniform 

thickness were observed across the entire 300 mm wafer. 

In the ASM EMERALD PE-ALD chamber, a capacitively-coupled hydrogen plasma was 

generated top-electrode (which was the gas delivery showerhead) using an RF power source at 

13.56 MHz. The wafer chuck was used as the counter electrode such that all plasma species were 

generated between the showerhead and substrate. The operating pressure was maintained at 2 Torr 

with an argon inert gas flow. The temperature of the bottom electrode, and thus the wafer, was set 

to 300oC, while the chamber walls and top electrode were maintained at 160oC. The plasma recipe 

began with a thermal equilibration time of 2 minutes under Ar flow. A 10 second, 10% H2/Ar 

direct plasma exposure, with powers between 50 to 400W, was subjected to the wafer, followed 

by a 1 second Ar purge. This dosing sequence was repeated to give a total plasma exposure time 

of 20 seconds. Following the final exposure, the substrate was subjected to 60 seconds of 100% 

H2 to passivate the surface of any dangling bonds.  

5.3.3 Characterization 

Top-down images of TiO2, HfO2, and TiN particles were using a scanning electron 

microscope (SEM, Hitachi SU8000) with a beam energy of 3 kV, beam current of 10 pA, and no 

sputter deposition. Image analysis was performed on SEM images using ImageJ software, yielding 

particle density, particle size distribution, and surface coverage. Growth rate per cycle (GPC) of 

ALD thin films on untreated aC were determined using spectroscopic ellipsometry for 49 points 

on a 300 mm Si wafer (Aleris, KLA Tencor). 
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5.3.4 Models 

5.3.4.1 Island Growth Model 

The nucleation behavior of metal oxides on semiconductor substrates has been previously 

described by Puurunen and Vandervorst.11 In the proposed model, the radius of a given island, 

r(t), can be calculated using equation (5.1), where r0, t, and Δr correspond to the initial nuclei  

 𝑟(𝑡) = 𝑟0 + 𝑡∆𝑟 (5.1) 

radius, cycle number, and growth rate per cycle (GPC) for the material. For an ALD process, 𝛥𝑟 

can be assumed to be constant over a certain temperature range, consistent with constant GPC 

values within the ALD temperature window of many ALD processes.24,25 Furthermore, 𝑟0 is 

assumed to be constant, with a value of 0.5 nm based on previous experimental and modeling 

results.12 In the model, Al2O3 nucleation on hydrogen-terminated Si (Si-H), Al2O3 is assumed to 

nucleate during the first ALD cycle only at surface defect sites. The defect sites here assumed to 

be ordered, with the distance between these defect sites, also referred to as the lattice constant, is 

assumed to be fixed for a given process. The lattice constant, b, is described in equation (5.2),  

b = 2(r0 + nc∆r)   (5.2)                                                                                                                                                                                                                                                                                                                                                                                                               

where  𝑛𝑐 is defined as the number of ALD cycles at which the nuclei first coalesce. For this model, 

the adjustable parameters are 𝑛𝑐, 𝑟0, and 𝛥𝑟. Thus, the adjustable parameter for this model was 𝑛𝑐, 

and by definition, the lattice constant 𝑏. 

The model describes three distinct island growth phases for metal oxide ALD on hydrogen- 

terminated Si substrates, and thus three different equations to calculate the surface fraction of 

islands. By applying assumption based on the system geometry, the surface fraction of the islands, 

as a function of cycle time, can be given by equations (5.3) – (5.5). Equation (5.3) shows the  

 𝑆𝑖𝑠𝑙
(𝐼)

= 𝜋 (
𝑟(𝑡)

𝑏
)

2

 (5.3) 
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surface fraction of islands in the first regime, which is defined while the radius of a given island is 

within the bounds of the lattice constant such that r(t)  ≤  b/2. These islands have initial radius 

𝑟0 and growth at a rate of 𝛥𝑟. Furthermore, this model assumes that no additional nucleation can 

take place in the spaces between initial nuclei. Once the islands have grown in radius to a value of 

b/2, adjacent islands have now touched, indicating the initial island coalescence point (i.e., when 

𝑡 =  𝑛𝑐). Equation (5.4) is used to calculate the surface fraction of islands in this second growth  

𝑆𝑖𝑠𝑙
(𝐼𝐼)

= 𝜋 (
𝑟(𝑡)

𝑏
)

2

{𝜋 − 4 [𝑎𝑟𝑐𝑐𝑜𝑠 (
𝑏

2𝑟(𝑡)
) −

𝑏

2𝑟(𝑡)
𝑠𝑖𝑛 (𝑎𝑟𝑐𝑐𝑜𝑠 (

𝑏

2𝑟(𝑡)
))]} (5.4) 

regime, where  𝑏/2 ≤ 𝑟(𝑡) ≤ 𝑏/√2. After this point, the islands grow to fill the remaining space 

until a continuous film is formed and equation (5) holds, where the surface fraction is unity.  

 𝑆𝑖𝑠𝑙
(𝐼𝐼𝐼)

= 1 (5.5) 

These parameters used to describe TiO2, HfO2, and TiN ALD on plasma-treated aC are 

reported in Table 5.1. Two different 𝑛𝑐 parameters were used to fit the data, which corresponded 

to two different lattice constants, 𝑏, for each material. 

5.3.4.2 Modified Island Growth Model - Avrami Equation 

A modification to the Island Growth Model was also applied to study to nucleation of ALD 

materials on aC films. Developed by Melvin Avrami,17,18 his mathematical equations can be used 

to describe the kinetics of a new phase material (e.g., islands growing on a surface) nucleating on 

a substrate surrounded by the old phase (i.e., gas or liquid of the material in question). The 

following section assumes the 2D form of the model, with parameters given in units widely used 

to describe ALD processes. 

We explore two modifications to the Island Growth Model. The first assumption is that 

nucleation sites are randomly distributed across the substrate, which have an initial areal density 
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of 𝑁0, in units of nm-2. The Island Growth Model makes a geometric simplification, where initial 

nuclei are periodically spaced with an initial radius. The first modification replaces the initial 

radius parameter, which is now assumed to be zero, and constant lattice spacing with the initial 

nuclei density (randomly distributed). The second assumption is that nucleation sites can be 

generated, yielding a nucleation rate, �̇� in units of nm-2cy-1. Nucleation sites are assumed to only 

be generated on the substrate where no islands are present. Radial growth occurs from nucleation 

sites, where the radius of a given island, 𝑟(𝑡) in units of nm, is given by equation (5.6), where 𝑡 is 

the process time,  

 𝑟(𝑡) = 𝑡∆𝑟 (5.6) 

in units of cycles and ∆𝑟 is the GPC for the nucleating material, in units of nm/cy. The GPC is 

assumed to be constant across the nucleating and continuous (i.e., thin-film ALD growth) phase 

and symmetric about the nucleation center point. 

The surface fraction of islands as a function of time, Sisl(t), can be described using equation 

(5.7), where Aisl(t) and A0 are the areas, in units of nm-2, of the islands on the substrate  

 𝑆𝑖𝑠𝑙(𝑡) =
𝐴𝑖𝑠𝑙(𝑡)

𝐴0
⁄  (5.7) 

(assuming two-dimensional growth) and the initial surface area of the substrate, respectively. At 

time 𝑑𝑡, an isolated island grows to a radius of 𝑟(𝑡) + 𝑑𝑟. The change in island surface fraction 

can be described in equation (5.8), where 𝑁(𝑡) is the time dependent nucleation density, in units  

 𝑑𝑆𝑖𝑠𝑙 = 𝜋𝑟(𝑡)𝑑𝑟 ∙ 𝑁(𝑡)[1 − 𝑆𝑖𝑠𝑙] (5.8) 

of nm-2. Assuming the change in radius is constant and grows at the same rate as for ALD film 

growth at steady state, equation (5.8) can be rewritten to give equation (5.9), where 𝑟 was rewritten 

in terms of cycle time, 𝑡, and the GPC, ∆𝑟: 

 𝑑𝑆𝑖𝑠𝑙 = 𝜋𝛥𝑟2𝑡𝑑𝑡 ∙ 𝑁(𝑡)[1 − 𝑆𝑖𝑠𝑙]  (5.9) 
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At this point, 𝑁(𝑡) needs to be defined and can be assumed to be constant, given by equation 

(5.10), or a function of 𝑡, given by equation (5.11):   

  𝑁(𝑡)~𝑁0  (5.10)

  𝑁(𝑡)~𝑁0 + �̇� ∙ 𝑡  (5.11) 

where 𝑁0 represents the initial nucleation density, with units nm-2, and �̇� represents the constant 

generation rate of nucleation sites, with units nm-2cy-1. 𝑁(𝑡) can then be substituted into equation 

(5.9) and, after rearranging terms and integrating both sides of the equation, giving equations 

(5.12) and (5.13): 

 −𝑙𝑛[1 − 𝑆𝑖𝑠𝑙] = 𝜋𝛥𝑟2 [
𝑁0𝑡2

2
] ,   𝑓𝑜𝑟 𝑁(𝑡)~𝑁0 (5.12) 

 −𝑙𝑛[1 − 𝑆𝑖𝑠𝑙] = 𝜋𝛥𝑟2 [
𝑁0𝑡2

2
+

�̇�𝑡3

3
] ,   𝑓𝑜𝑟 𝑁(𝑡)~𝑁0 + �̇� ∙ 𝑡 (5.13) 

The initial condition, 𝑆𝑖𝑠𝑙(𝑡 = 0) = 0 was applied to solve for the integration constant, 

which was found to be zero. Equations (5.12) and (5.13) can be simplified further to give an 

expression for 𝑆𝑖𝑠𝑙, given by equations (5.14) and (5.15), respectively: 

 𝑆𝑖𝑠𝑙 = 1 − 𝑒𝑥𝑝 [−𝜋𝛥𝑟2 [
𝑁0𝑡2

2
]] ,   𝑓𝑜𝑟 𝑁(𝑡)~𝑁0 (5.14) 

 𝑆𝑖𝑠𝑙 = 1 − 𝑒𝑥𝑝 [−𝜋𝛥𝑟2 [
𝑁0𝑡2

2
+

�̇�𝑡3

3
]] ,   𝑓𝑜𝑟 𝑁(𝑡)~𝑁0 + �̇� ∙ 𝑡 (5.15) 

These expressions take on a familiar form of the well-known Avrami Equation demonstrated 

previously.17–21 

5.4 Results and Discussion 

5.4.1 Particle Analysis from SEM 

Figures 5.1, 5.2, and 5.3 show the top-down SEM images on plasma-treated aC substrates 

subjected to TiO2, HfO2, and TiN ALD processing, respectively. From these images, the particles 
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were differentiated from the underlying aC substrate based on the pixel contrast, with resulting 

particle outlines overlaid on original images also shown in Figures 5.1, 5.2, and 5.3. The resulting 

surface coverage of the identified particles were also calculated and presented in Figure 5.4. For 

TiO2 and HfO2 processing, the particles were mostly coalesced, resulting in a surface coverage > 

90% (Figure 5.4 a). Conversely, 680 cycles of TiN ALD on plasma-treated aC yielded a surface 

coverage of ~ 60% (Figure 5.4 b). 

The particle size distributions at various cycle times were also calculated using ImageJ and 

shown in Figures 5.5, 5.6, and 5.7 for TiO2, HfO2, and TiN, respectively. During particle analysis, 

the image dimensions were normalized per cm2 of analysis area to ensure the total particle counts 

for different cycle numbers were directly comparable. For reference, the theoretical particle radius 

(r* in units of nm) was given as a function of the number of cycles for each ALD process. The r* 

values were calculated assuming particle nucleation occurred during the first ALD cycle, followed 

by radial growth according to the GPC obtained from ellipsometry measurements of TiO2, HfO2, 

and TiN films on silicon with native oxide (see ∆𝑟 in Table 5.1).  

The particle size distributions for all three materials deposited on plasma-treated aC were 

initially narrow for low cycle numbers, followed by a broadening of the radial size for increasing 

numbers of ALD cycles. In comparing the measured particle radius, r(t), with the theoretical radius, 

r*, the relative time of nucleation on aC can be estimated. For a r < r*, the likely nucleated after the 

first ALD cycle. For all three materials and every cycle number analyzed, particles with r < r* were 

observed, which implies continuous generation of nucleation sites during processing. From SEM 

images in Figures 5.1, 5.2 and 5.3, these smaller nuclei are more obvious for larger cycle numbers, 

where a large discrepancy in particle size is expected. For r > r*, particles have likely coalesced 

with a neighboring particle to give a larger effective radius, assuming the ∆𝑟 is constant in the 
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radial direction. Analysis of Figures 5.1, 5.2 and 5.3 also show increased particle coalescence for 

increased cycling. The image analysis software was, in some cases, able to differentiate merged 

particles with ones that have just began to touch. Since the analysis software was unable to 

consistently identify two or more coalesced particles with ones that are barely touching, the particle 

size distribution counts are considered rough estimations. Nevertheless, with some particles having 

coalesced or are close enough to begin coalescence, the distribution of nucleation sites on the 

surface is not ordered and periodic but instead random. 

5.4.2 Island Growth Model 

For the Island Growth Model, the parameters used for calculating the island surface 

fraction are given in Table 5.1. For each ALD process, the layer closure parameter, 𝑛𝑐, and thus 

the lattice spacing, 𝑏, were varied to assess the fit to the experimental data. Figure 5.8 shows the 

modeling results for TiO2 ALD on plasma-treated aC. A model consistent with 𝑛𝑐=150 cycles best 

fit the data, with a standard error of 0.06. In order to fit the surface coverage of ~90% at 200 cycles, 

𝑛𝑐 was increased to 180 cycles, which underestimated the surface fraction for 90 – 120 cycles and 

increased the error to 0.09. Increasing the 𝑛𝑐 parameter resulted in a ~30% decrease in the 

nucleation site density (see b-2 in Table 5.1) from 5.2 × 10-3 to 3.7 × 10-3 nm-2. 

Figure 5.9 shows the modeling results for HfO2 ALD on plasma-treated aC. A model 

consistent with 𝑛𝑐=120 cycles best fit the data, with a standard error of 0.10. 𝑛𝑐 was increased to 

150 cycles, which underestimated the surface fraction for 90 – 120 cycles and increased the error 

to 0.51. Decreasing 𝑛𝑐 to 100 cycles resulted in a better fit for surface factions less than 0.4 but 

also had an error of 0.14. The nucleation site density for 𝑛𝑐 = 100, 120, and 150 were calculated 

to be 8.1 × 10-3, 5.8 × 10-3, and 3.8 × 10-3 nm-2, respectively. 
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Figure 5.10 shows the modeling results for TiN ALD on plasma-treated aC substrates. A 

model consistent with 𝑛𝑐=800 cycles best fit the data with an error of 0.08. Although using 𝑛𝑐= 

800 cycles resulted in the best fit, the model did not fit the data well less than 320 cycles (surface 

fraction < 0.05). To fit the surface fraction below 320 cycles, 𝑛𝑐 was increased to 1000 and 1300 

cycles, which then resulted in increased standard errors of 0.16 and 0.11, respectively. For 𝑛𝑐 = 

1300, the model best fit the data when the surface fraction was less than 0.05. The nucleation 

density for 𝑛𝑐= 800, 100, and 1300 was calculated to be 5.1 × 10-4, 2.5 × 10-4, and 1.5 × 10-4 nm─2.  

Comparing the model results for metal oxide and metal nitride ALD, the nucleation density 

for TiN ALD was approximately an order of magnitude lower than that observed for TiO2 and 

HfO2, corresponding to a longer delay prior to island coalescence. Furthermore, the model 

consistently fit either low or high surface fractions, corresponding to high or low 𝑛𝑐, respectively. 

For example, TiN nucleation required 𝑛𝑐= 800 and 1300 cycles, to best fit the data when 𝑆𝑖𝑠𝑙 > 0.4 

and  𝑆𝑖𝑠𝑙 < 0.05, respectively. 

A generation of additional nucleation sites is likely responsible for the incomplete fit of the 

experimental data. Additional nucleation sites generated during ALD processing would increase 

the measured island surface fraction with increased cycling. Furthermore, as surface fraction 

approaches unity, additional surface fraction from nucleation site generation is minimal compared 

to the size and coverage of existing particles. The likely difference in the rate of nucleation site 

generation is due to the use of H2O as a co-reagent in the metal oxide chemistries, where the TiN 

process uses NH3. The increased polarity of H2O is likely to adsorb more readily on the aC surface, 

leading to a higher probability of generating a new nucleation site (surface C-OH or other C-O 

species). These types of species have been shown to provide preferable nucleation over  hydrogen-
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terminated surfaces.26–30 Therefore, to best fit the experimental data, the model needs to be 

modified to allow for generation of additional nucleation sites. 

5.4.3 Modified Island Growth Model - Avrami Equation 

To directly compare with the unmodified Island Growth Model, the initial nucleation site 

density, 𝑁0, was first investigated for TiN nucleation without nucleation site generation. The 

results in Figure 5.11 show 𝑁0 of 1×10─4 nm-2 and 2×10─3 nm-2 best fit the data for t < 320 cycles, 

with standard error 0.28, and t > 480 cycles, with standard error 0.10, respectively. The overall 

error was minimized to 0.09 in using 𝑁0 = 1×10─3 nm─2. Although initial nucleation density of 

𝑁0=2.5×10─4 nm-2 gave the best fit of the data, the model did not adequately fit the data for low 

fractions. Since the best fit of the experimental data for low surface coverage (i.e., 𝑆𝑖𝑠𝑙 < 0.05) was 

calculated for 𝑁0 = 1×10─4 nm-2, the initial nucleation site density for plasma-treated aC prior to 

ALD was assumed to be on the order of 1×10─4 nm-2. Compared with the inverse square of the 

lattice parameter found in the Island Growth Model (Table 5.1), an initial nucleation site density 

on the order of 10─4 nm-2 was comparable. Similar to the unmodified Island Growth Model, 

adjusting the initial nucleation site density parameter lead to fits of either the low or high surface 

fraction data. This was expected since the differences in the unmodified and modified Island 

Growth Model are due to periodic and random distribution of initial nuclei, respectively. Thus, the 

addition of a nucleation site generation parameter is required. 

Figure 5.12 shows the best fit results, which utilized 𝑁0 = 1×10─4 nm-2 (based on findings 

in Figure 5.11) and �̇� = 3×10─6 nm-2cy-1, resulting in a standard error of 0.05.  When compared to 

the best fit results for �̇� = 0 and 𝑁0 = 1×10─3 nm-2, a linear increase in nucleation density provides 

a good estimation of the surface fraction for TiN ALD, resulting in a ~44% reduction of the 
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standard error. Furthermore, using the modified Island Growth Model, with �̇� = 3×10─6 nm-2cy-1 

resulted in a ~38% decrease in the standard error over the unmodified model. 

Figures 5.13 and 5.14 show the model fits for TiO2 and HfO2, respectively, assuming both 

zero and non-zero �̇�. Using 𝑁0 = 1×10─4 nm-2 and �̇� = 2.5×10─4 nm-2cy-1 (for TiO2) and �̇� = 

4×10─4 nm-2cy-1 (for HfO2) resulted in standard errors of 0.07 and 0.14, respectively. Interestingly, 

assuming �̇� = 0 and 𝑁0 = 1.8×10─2 nm-2 (for TiO2) and 2.5×10─2 nm-2 (for HfO2) reduced the 

standard error to 0.03 and 0.07, respectively. As established previously, 𝑁0 = 1×10─4 nm-2 is likely 

a good estimate of the initial nucleation density prior to ALD cycling on plasma-treated aC. 

Increasing the initial nucleation density two order-of-magnitude from this estimate resulted in the 

best model fits likely due rapid generation of nucleation sites in the early stages of ALD cycling. 

Thus, the N0 parameter could feasibly start out at ~1×10─4 nm-2
, increasing to ~1×10─2 nm-2 within 

the first 20 or 30 cycles. Since this rapid increase was not observed for TiN nucleation, the likely 

cause is due to using H2O as a co-reagent for metal oxide ALD and NH3 for TiN ALD. Thus, the 

less polar NH3 instead leads to a more gradual increase in nucleation density and better selectivity 

on plasma-treated aC substrates. Improvements in the selectivity for TiO2 and HfO2 ALD would 

also be expected if a less polar co-reagent was utilized, for example using titanium isopropoxide 

as the oxygen source in TiO2 ALD.27,31 

Figure 5.15 shows a comparison of the best fits for the a) Avrami-modified Island Growth 

Model and b) Island Growth Model. The resulting fit for the Island Growth Model, using the initial 

nucleation density found from the best fit Avrami modified model N0 =2.5×10─2 nm-2 

(corresponding to a b = 6.32 nm), is shown in Figure 5.15 a). The Island Growth Model predicts 

layer closure after  𝑛𝑐 = 53 cycles. The resulting fit for the Avrami modified model, using the 

initial nucleation density found from the best fit Island Growth Model N0 =5.8×10─3 nm-2 
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(corresponding to a b = 13.1 nm and 𝑛𝑐 = 120 cycles), is shown in Figure 5.15 b). In this case, the 

Avrami modified model drastically underestimates the surface fraction data. Herein lies the 

difference in the Avrami Equation, which assumes a random nucleation density versus periodic 

spacing. Compared with periodically spaced nuclei, a random distribution would lead to delay in 

the overall island coalescence (which was defined when 𝑛 = 𝑛𝑐). In a random distribution, the 

nuclei will coalesce with nearby neighbors, which can vary on a substrate scale before total film 

coalescence is reached. 

The modified Island Growth Model can likely also predict the island size distribution 

versus the number of cycles but was not calculated for this work. Qualitatively, the island size is 

expected to be dependent on the point at which a given island nucleated on the substrate. For 

nucleation generation equal to zero, all islands can be assumed to nucleate in the first cycle. Due 

to the random distribution, nearby neighbors are expected to coalesce and form larger island 

groups. This is readily observed for TiO2 and HfO2, with tighter island size distributions mostly 

centered around the expected particle radius. Conversely, nucleation site generation would lead to 

a larger distribution is island size, which was observed for TiN ALD. This portion of the model 

requires further study before quantitative evaluations can be made for this system. 

5.5 Conclusions 

We demonstrated that the Island Growth Model, which assumes periodic spacing of islands 

and no additional generation of nucleation sites, does not accurately describe ALD nucleation on 

plasma-treated aC. In order to utilize this model, the lattice parameter needs to vary as a function 

of cycle number. With a variation in the lattice parameter, the periodicity of nucleation sites also 

is disrupted and the equations for calculating the surface fraction would also need to be altered. 
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Therefore, we propose a modification to the model in to more accurately describe the experimental 

data. 

The Island Growth Model was modified by using the assumptions from the Avrami 

Equation. The key assumptions applied were (1) a random distribution of nucleation sites, and (2) 

a term to compensate for generation of additional sites. Modification of the Island Growth Model 

allowed for the most accurate fitting of experimental data for TiO2, HfO2, and TiN nucleation on 

plasma-treated aC, reducing the standard error 50%, 30%, and 38%, respectively. TiN data were 

best fit using an initial nucleation site density of 1×10─4 nm─2 increasing at a rate of 3×10─6 

nm─2cy─1. TiO2 and HfO2 data were best fit assuming an initial nucleation site density of ~2×10─2 

nm─2, which implied the effects of H2O absorption on aC as a key loss in selectivity.  

This work shows that the Avrami Equation can be used to modify the Island Growth Model 

to accurately describe the nucleation of ALD on plasma-treated aC. In general, for ALD processes 

that are very selective, where nucleation site density is initially low and the generation is slow, a 

linear approximation of the nucleation site generation is likely sufficient. This modified model can 

be applied to other material systems and substrates with such complexity as precursor dependent 

generation rates of nucleation sites. The modifications presented here allow for a straightforward 

and accurate method to model ALD nucleation phenomena and should be further investigated 

further for various types of chemistries and substrates. 
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5.7 Figures for Chapter 5 

  

Figure 5.1: Top down SEM images of TiO2 particles on plasma-treated aC substrates subjected 

to a) 30, b) 60, c) 90, d) 120, and e) 200 cycles of Ti(OCH3)4 + H2O at 250 oC. Included under 

each SEM image are overlaid particle outlines (shown in green) generated from particle analysis 

in ImageJ. All scale bars are 50 nm. 

a) b) c) d) e) 
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Figure 5.2: Top down SEM images of HfO2 particles on plasma-treated aC substrates subjected 

to a) 30, b) 60, c) 90, d) 120, and e) 200 cycles of HfCl4 + H2O at 300 oC. Included under each 

SEM image are overlaid particle outlines (shown in green) generated from particle analysis in 

ImageJ. All scale bars are 50 nm. 

a) b) c) d) e) 
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Figure 5.3: Top down SEM images of TiN particles on plasma-treated aC substrates subjected to 

a) 200, b) 320, c) 480, and d) 640 cycles of TiCl4 + NH3 at 390 oC. Included under each SEM 

image are overlaid particle outlines (shown in green) generated from particle analysis in ImageJ. 

All scale bars are 50 nm. 

a) b) c) d) 
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a) b) 

Figure 5.4: Areal surface coverage of identified a) TiO2 and HfO2, and b) TiN particles from top-

down SEM images in Figures 5.1 (TiO2), 5.2 (HfO2), and 5.3 (TiN). 
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Figure 5.5: TiO2 particle size distributions, calculated using ImageJ, given as particle count 

versus radius on plasma-treated aC substrates for 30 (black), 60 (red), 90 (blue), and 120 (green) 

cycles of Ti(OCH3)4 + H2O at 250 oC. Total particle counts were normalized over an area of 1 

cm2. The theoretical particle radius (rn
*), indicated using a vertical line at the expected radius, was 

estimated assuming a growth per cycle of 0.043 nm/cy (from spectroscopic ellipsometry 

measurements). 
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Figure 5.6: HfO2 particle size distributions, calculated using ImageJ, given as particle count 

versus radius on plasma-treated aC substrates for 30 (black), 60 (red), 90 (blue), and 120 (green) 

cycles of HfCl4 + H2O at 300 oC. Total particle counts were normalized over an area of 1 cm2. 

The theoretical particle radius (rn
*), indicated using a vertical line at the expected radius, was 

estimated assuming a growth per cycle of 0.05 nm/cy (from spectroscopic ellipsometry 

measurements). 
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Figure 5.7: TiN particle size distributions, calculated using ImageJ, given as particle count versus 

radius on plasma-treated aC substrates for 200 (black), 320 (red), 480 (blue), and 640 (green) 

cycles of TiCl4 + NH3 at 390 oC. Total particle counts were normalized over an area of 1 cm2. The 

theoretical particle radius (rn
*), indicated using a vertical line at the expected radius, was estimated 

assuming a growth per cycle of 0.031 nm/cy (from spectroscopic ellipsometry measurements). 
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Figure 5.8: TiO2 island surface fraction as a function of ALD cycling on plasma-treated aC. Black 

squares are areal coverage of TiO2 islands calculated from SEM images in Figure 5.1, while the 

dotted and dashed lines correspond to the resulting fit using the Island Growth Model with layer 

closure parameter, nc, equal to 150 and 180 cycles, respectively. 
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Figure 5.9: HfO2 island surface fraction as a function of ALD cycling on plasma-treated aC. 

Black circles are data points from areal coverage of HfO2 islands calculated from SEM images in 

Figure 5.2, while the dotted, dot-dashed, and dashed lines correspond to the resulting fit using the 

Island Growth Model with layer closure parameter, nc, equal to 100, 120, and 150 cycles, 

respectively. 
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Figure 5.10: TiN island surface fraction as a function of ALD cycling on plasma-treated aC. 

Black triangles are data points from areal coverage of TiN islands calculated from SEM images 

in Figure 5.3, while the dotted, dot-dashed, and dashed lines correspond to the resulting fit using 

the Island Growth Model with layer closure parameter, nc, equal to 800, 1000, and 1300 cycles, 

respectively. 
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Figure 5.11: TiN island surface fraction as a function of ALD cycling on plasma-treated aC. Black 

triangles indicate data points from experiment, while the short-dashed, dotted, and dashed lines 

correspond to the resulting fit using the Avrami Equation assuming constant initial nucleation 

density, N0, equal to 1 × 10−4, 1 × 10−3, and 2 × 10−3 nm-2, respectively. For the model fits 

shown, the rate of nucleation generation parameter, �̇�, was set to zero. 
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Figure 5.12: TiN island surface fraction as a function of ALD cycling on plasma-treated aC. 

Black triangles indicate data points from experiment, while the dotted and dashed lines 

correspond to the resulting fit using the Avrami Equation with nucleation functions given by 𝑁1 

and 𝑁2, respectively.  
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Figure 5.13: TiO2 island surface fraction as a function of ALD cycling on plasma-treated aC. 

Black squares indicate data points from experiment, while the dotted and dot-dashed lines 

correspond to the resulting fit using the Avrami Equation with nucleation functions given by 𝑁1 

and 𝑁2, respectively. 



   

158 

 

  

Figure 5.14: HfO2 island surface fraction as a function of ALD cycling on plasma-treated aC. 

Black circles indicate data points from experiment, while the dotted and dashed lines correspond 

to the resulting fit using the Avrami Equation with nucleation functions given by 𝑁1 and 𝑁2, 

respectively. 
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a) 

b) 

Figure 5.15: a) HfO2 surface fraction data (black circles) with best fit using the Avrami 

modification (dot-dashed line) with 𝑁0= 2.5×10─2 nm─2. Also shown is the fit calculated from the 

Island Growth Model (dotted line) using 𝑁0= 2.5×10─2 nm─2. b) HfO2 surface fraction data (black 

circles) with best fit using Island Growth Model (dotted line) with 𝑁0= 5.8×10─3 nm─2. Also 

shown is the fit calculated from the Avrami modification using 𝑁0= 5.8×10─3 nm─2. 
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5.8 Tables for Chapter 5 

   

Material Δr (nm/cy) ro (nm) nc (cy) b (nm) b-2 (nm-2) 
Standard 

Error 

TiO2 0.043 0.5 
150 

180 

13.9 

16.5 

5.2×10-3 

3.7×10-3 

0.06 

0.09 

HfO2 0.050 0.5 

100 

120 

150 

11.1 

13.1 

16.2 

8.1×10-3 

5.8×10-3 

3.8×10-3 

0.14 

0.10 

0.51 

TiN 0.031 0.5 

800 

1000 

1300 

44.4 

63 

81.6 

5.1×10-4 

2.5×10-4 

1.5×10-4 

0.08 

0.16 

0.11 

Table 5.1 Island Growth Model Parameters for TiO2, HfO2, and TiN ALD 
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Material Δr (nm/cy) 𝑵𝟎 (nm-2) �̇�(nm-2cy-1) 
Standard 

Error 

TiO2 0.043 
1.8 × 10-2 

1 × 10-4 

0 

2.5 × 10-4 

0.03 

0.07 

HfO2 0.050 
2.5 × 10-2 

1 × 10-4 

0 

4 × 10-4 

0.07 

0.14 

TiN 0.031 

1 × 10-4 

1 × 10-3 

2 × 10-3 

1 × 10-4 

0 

0 

0 

3 × 10-6 

0.28 

0.09 

0.10 

0.05 

Table 5.2 Modified Island Growth Model Best Fit Parameters for TiO2, HfO2, and TiN ALD  
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6.1 Abstract 

Using a H2 plasma pretreatment, we demonstrate the selective deactivation of aC lines sub-

50 nanometer structures using 45 nm aC/Si3N4 line/space patterns. 3.5 nm TiO2 and 5.8 nm TiN 

films were deposited on Si3N4 spaces with minimal particle formation on aC. We found that the 

selectivity loss was observed on the plasma-treated aC lines, where nucleation proceeded more 

readily of feature corners and edges than on blanket aC substrates. aC lines were selectively 

removed using oxygen plasma, leaving TiN patterns on top of Si3N4 with dimensions of 10-15 nm 

in height and 43 nm in width. We conclude that improved scaling of selectivity to nanometer scale 

patterns can be achieved by optimizing surface loading and extent of plasma exposure, and by 

further understanding shape effects in nanoscale surface plasma modification. 

6.2 Introduction 

The semiconductor industry is in a unique position; consumer demand for devices with 

better performance and more memory is continually increasing, yet the consumer still expects a 

lower price tag.1 Such demands require innovations in equipment manufacturing,2 deposition3–8 

and etch processes,9–11 and advanced patterning development.12–16 The requirement of these 

innovations is to typically decrease feature size, increasing the density of key components on a 
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single wafer, thus keeping costs low.17,18 In decreasing the feature size, the challenges for typical 

lithographic techniques become apparent, for example with increased line-edge-roughness and 

pattern misalignment.19 

One potential strategy to address these challenges is using a tone reversal process.20–22 Tone 

reversal utilizes a sacrificial layer, such as a resist or amorphous carbon (aC), which is typically 

patterned using conventional lithography methods, followed by refilling the patterned regions with 

a desired material (e.g., TiN). By inserting (usually by deposition processing) a new material into 

the void space between the existing pattern, the original template material can be removed to 

reverse the image, or tone, created by the initial lithography step. Tone reversal has been adopted 

for many advanced patterning applications. One such examples is for self-aligned double 

patterning to extend the half-pitch resolution of patterns beyond the capabilities of traditional 

lithography tools.23 Typically, these hard mask materials like TiN can be challenging to pattern 

using conventional methods, especially for critical dimensions of less than 50 nm. Typically, 

reactive ion etching is used to trim away the excess deposition on the lithography mask, leading to 

wasted material and potential substrate damage during dry etching. For the best device 

performance and scaling, the desired hard mask material would only be deposited in the void 

spaces between existing patters. Such selective growth is likely only attainable by using 

chemisorption-based deposition processing, such as chemical vapor deposition (CVD) or atomic 

layer deposition (ALD), where the chemistry of the surface can dictate film growth.24–27 

Full realization of a single-step tone reversal will require new approaches to area-selective 

deposition of metal nitrides and oxides onto receptive surfaces without significant deposition onto 

sacrificial carbon. In our previous work, we demonstrate controlled chemical plasma modification 

of amorphous carbon to achieve area-selective atomic layer deposition (ALD) of TiN onto silicon 
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nitride (Chapter 3). We seek to apply this approach in sub-50 nm aC/Si3N4 line/space patterned 

structures on 300 mm Si wafers.  We aim to investigate the selectivity attained in patterned 

substrates and how the results compare with blanket wafer processing. This work demonstrates the 

extension of an area-selective ALD process to industry-relevant applications on a demanding 

length scale, enabling tone reversal patterning of dielectric-on-dielectric and metal-on-dielectric 

material systems. 

6.3 Experimental 

6.3.1 Materials, Plasma, and ALD Processing 

For blanket and patterned substrates, the amorphous carbon material (aC) used was 

Advanced Patterning Film (APF) described previously.28,29 High density aC films were deposited 

by plasma enhanced chemical vapor deposition (PE-CVD) using acetylene (C2H2) at 400oC on 300 

mm Si (100) wafers in an Applied Materials Producer platform. In this same reactor, Si3N4 films 

were deposited by PE-CVD at 400°C using silane (SiH4) and mixture of ammonia (NH3) and 

nitrogen (N2) plasma.  

Atomic layer deposition of TiO2 and TiN and H2 plasma exposures were performed in an 

ASM Polygon 8300 cluster tool, allowing for plasma-treated substrates to be transferred without 

air breaks for ALD processing. TiO2 was deposited in an ASM PULSAR cross-flow thermal ALD 

chamber using Ti(OCH3)4/Ar/H2O/Ar (4s/8s/2s/4s) at 250oC. TiN ALD was performed in an ASM 

EMERALD PE-ALD chamber, the wafer chuck (bottom electrode) was heated to 390oC, while the 

walls and showerhead were kept at 160oC. TiN precursors, TiCl4 and NH3, were pulsed through 

the showerhead for 0.8s and 4s, respectively, separated by 1.5s Ar purges. The reagent dose and 

purge times for TiO2 and TiN were selected such that linear growth with uniform thickness were 

observed across the entire 300 mm wafer. 
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In the ASM EMERALD PE-ALD chamber, a hydrogen plasma was generated at the 

showerhead top-electrode using a capacitively-coupled RF power source operated at 13.56 MHz. 

The wafer chuck was used as the counter electrode such that all plasma species were generated 

between the showerhead and substrate. The operating pressure was maintained at 2 Torr with an 

argon inert gas flow. The temperature of the bottom electrode, and thus the wafer, was set to 300oC, 

while the chamber walls and top electrode were maintained at 160oC. The plasma recipe began 

with a thermal equilibration time of 2 minutes under Ar flow. A 10 second, 10% H2/Ar direct 

plasma exposure, with powers between 50 to 400W, was subjected to the wafer, followed by a 1 

second Ar purge. This dosing sequence was repeated to give a total plasma exposure time of 20 

seconds. Following the final exposure, the substrate was subjected to 60 seconds of 100% H2 to 

passivate the surface of dangling bonds.  

6.3.2 Sub-50 nm Pattern Formation 

For lithographic patterning, a combination of available tools was used to form the 

following stack on 300 mm Si wafers: 50 nm of Si3N4/75 nm aC/15 nm SiO2/67 nm BARC/105 

nm photoresist. Si3N4 and aC films were deposited using the same processes and tool mentioned 

above. SiO2 films were deposited at 75oC by plasma-enhanced ALD a proprietary Si-containing 

organic precursor and O2 plasma on an EAGLE12 tool. Spin-coating of the ARC29SR BARC 

(Nissan Chemical Industries) and TArF-Pi6-144ME positive tone immersion material (TOK) was 

carried out using a SOKUDO DUO track. Subsequent lithographic exposures were done using an 

ASML TWINSCAN NXT:1950i 193 nm immersion scanner to print 90 nm pitch line/space 

patterns with a SIMEON maskset. Following lithography exposures aC/Si3N4 line/space patterns 

were created by etching away the photoresist, BARC, SiO2, and aC layers in a LAM Kiyo etch 

tool. Following plasma and ALD treatments, aC lines were removed using 60 seconds of O2 plasma 
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at room temperature in a LAM Kiyo etch tool. Patterning steps are shown in Figure 6.1 in steps 1-

4 (with the BARC and photoresist shown as a single layer). 

6.3.3 Characterization 

Patterned and blanket samples were imaged in top-down, 30o tilted, or cross-sectional 

mode using a scanning electron microscope (SEM, Hitachi SU8000) with a beam energy of 3 kV 

and a beam current of 10 pA. Samples were prepared for Transmission Electron Microscopy 

(TEM) imaging using a dual beam FIB/SEM Nova600i (FEI) and Ar Ion miller PIPS (Gatan). 

TEM images were obtained using a Tecnai F30 ST (FEI) with a FEG electron source at 300kV in 

TEM and STEM mode. Elemental analysis of plasma and TiN ALD treated patterned substrates 

was measured by Angle-Resolved X-ray Photoelectron Spectroscopy (AR-XPS) using a Theta300 

system (Thermo Instruments). XPS measurements were carried out using a monochromatized Al 

Kα X-ray source (1486.6 eV) with a spot size of 400 µm with collection angles 22o < θ < 78o taken 

perpendicular to the aC lines. Obtained XPS spectra were corrected to the C 1s peak at a binding 

energy of 284.5 eV. TiN thickness measurements on Si3N4 blanket substrates was determined 

using spectroscopic ellipsometry (SE) for 49 points on a 300 mm Si wafer (Aleris, KLA Tencor).  

6.4 Results and Discussion 

6.4.1 Formation and Plasma Treatment Processing of Sub-50nm aC/Si3N4 Patterned 

Structures 

A test vehicle for area-selective ALD was created with aC lines 75 nm tall and 45 nm wide 

and Si3N4 spaces 45 nm wide, yielding a critical dimension (or CD) was 45 nm and a pitch of 90 

nm. Figure 6.1 shows the steps (1-4) involved in forming the aC/Si3N4 patterned structures. For 

step 4, the SiO2 was removed using a 1.5% dilute HF wet etch for 15 seconds. According to the 

standardized etch time for the tool, 10 seconds was estimated to be sufficient to remove the 15 nm 
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SiO2 layer. To ensure full removal of SiO2, and thus ALD-active hydroxyl species which would 

serve as undesired nucleation sites during ALD processing,27,30 a 15 second etch time was used.  

Figure 6.2 a) shows SEM images of aC/Si3N4 patterns after all lithography and etch steps, 

essentially the starting substrate for future plasma and ALD processing. The resulting aC line 

dimensions, measured using image analysis software Image J are given in Table 6.1. The height 

measurement takes into account the observed 7 nm recess into the Si3N4 due to over etching during 

SiO2 removal in step 4, Figure 6.1. During lithography and etch steps, substrates were exposed to 

air several times during transfer between tools, thus an oxide layer was expected on the Si3N4.
31 

This oxide layer was likely removed during the HF wet etch, and thus would explain the observed 

recess. 

Figure 6.2 b) and c) show SEM images of aC/Si3N4 patterns after 400W 20s and 50s, 

respectively, H2 plasma treatments, with the corresponding aC dimensions and etching reported in 

Table 6.1. All measurements represent an average over at least 10 separate areas on the patterned 

substrates. A 20 second plasma exposure resulted in ~4 nm of aC top-down etching, commensurate 

with what was observed for aC blanket wafers. The etching profile for the aC sidewalls was 

anisotropic, with lower etch rates near the bottom of the structures. Directional plasmas typically 

display anisotropic etching for patterned substrates with narrow critical dimensions due to radical 

species recombination prior to reacting with the aC surface near the bottom of high aspect ratio 

structures.32  Increasing the plasma exposure time to 50 seconds increased the top-down etching 

to ~11-12 nm (comparable to that measured for aC blanket substrates), with the sidewall etching 

of ~6 nm. No significant Si3N4 etching was observed due to H2 plasma exposures as the recess 

remained constant at ~7 nm independent of plasma exposures. 
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With considerable sidewall etching, the aC line dimensions are expected to significantly 

change, for example, a 400W 50s plasma treatment reduced the width from 45 nm ~10 nm total to 

35 nm width. Such sidewall etching presents a significant problem when pattern dimensions of the 

Si3N4 space are required to be less than 50 nm. Therefore, a 20 second plasma treatment was 

incorporated to test selective ALD growth of TiO2 and TiN. 

6.4.2 TiO2 and TiN ALD for Bottom-Up Fill in Sub-50nm aC/Si3N4 Patterned Structures 

6.4.2.1 Film Thickness and Growth Per Cycle 

Using the aC/Si3N4 test vehicle shown in Figure 6.2 a), the selectivity of TiO2 and TiN 

ALD in plasma-treated patterned structures was investigated. Figure 6.3 shows TEM images of 

plasma treated patterned substrates subjected to 30 and 75 cycles of TiO2 ALD. Using TEM 

images, a thickness on the Si3N4 spaces was measured to be 1.7 + 0.3 and 3.2 + 0.2 nm for 30 and 

75 cycles, respectively, corresponding to a growth rate per cycle (GPC) of 0.042 nm/cycle. The 

calculated GPC is comparable to the 0.043 nm/cycle obtained from ellipsometry of 

Ti(OCH3)4/H2O on SiO2 and Si3N4. For both samples, a conformal and uniform coating of the 

recessed Si3N4 was observed. TiO2 particles on aC lines were visible for both samples, with 

considerable coverage for 75 cycle TiO2 sample. Using TEM images, the maximum particle height 

(taken as the radius of a hemispherical particle on either the top or sidewall of the aC lines) was 

measured to be ~3 nm for the 75 cycle sample, and was not able to be measured for the 30 cy 

sample (due to very low pixel density of particles). Furthermore, particles appeared to be larger 

and with higher surface coverage on the tops and corners of aC lines. This aspect will be discussed 

in Section 6.4.2.3. 

Figure 6.4 shows TEM images of plasma-treated patterned substrates exposed to a) 200, b) 

320, and c) 480 cycles of TiCl4/NH3 ALD. The corresponding TiN thickness obtained on Si3N4 

spaces is shown in Figure 6.5, corresponding to a GPC of 0.031 nm/cycle. This value was 
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comparable to that measured using ellipsometry on SiO2 and Si3N4 blanket substrates (0.031 

nm/cycle). Also shown in Figure 6.5 is the maximum TiN particle radius measured on the aC 

sidewalls, which was consistently lower than those measured on the top surface of aC lines. 

Particle radii on top of aC lines was commensurate with the film thickness measured on Si3N4. 

This would imply that nucleation occurred on the top surface of aC lines during the first few cycles 

(as with nucleation on Si3N4). Conversely, smaller nuclei than the TiN thickness on Si3N4 would 

imply a delayed nucleation beyond the first few ALD cycles. When compared with the aC 

sidewalls, specifically near the Si3N4 interface, the nuclei appear to have a greater surface coverage 

on the top and corners of the aC lines (similar to that observed during TiO2 ALD). These aspects 

will be discussed in Section 6.4.2.3. 

6.4.2.2 Angle-Resolved XPS to Assess Selectivity 

Isolation of Si3N4 and aC surfaces in sub-50 nm patterns can be challenging due to the large 

analysis areas of typical characterization methods (e.g., XPS, RBS, ToFSIMS, FTIR). Utilizing 

AR-XPS in conjunction with known pattern dimensions, aC lines can be isolated from Si3N4 

spaces. Figure 6.6 a) shows aC/Si3N4 line/space patterns oriented so that photoelectrons generated 

during X-ray exposure are collected perpendicular to aC lines. Pattern dimensions obtained using 

TEM images in Figure 6.2 b) indicated a θ* at ~35o based on pattern geometry. For θ > θ*, 

photoelectrons generated from Si3N4 spaces need to travel through adjacent aC lines, decreasing 

likelihood of reaching the detector.33  Figure 6.6 b) shows the resulting Ti at.%, obtained by 

aligning aC lines normal to the detector, from plasma-treated aC/Si3N4 line/space patterns with 

increasing TiN cycles. For low cycle numbers (e.g., 96 and 200 cycles TiN), Ti at.% was below 

~5% for θ > θ*. This drop in Ti at.% corresponds to the isolation of TiN deposited on aC lines from 

films on Si3N4 spaces. Increased TiN cycling to 320 and 480 cycles resulted in increased Ti at.% 
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to ~12 and 20 at.%, respectively. The obtained XPS results agree with the TEM images in Figure 

6.4, where increased cycling yields high TiN particles on aC lines. 

6.4.2.3 Nucleation Differences for Pattern vs. Blanket Substrates 

With comparable GPC values on both blanket and patterned Si3N4 substrates, any 

nucleation discrepancies are expected to be minimal. Figure 6.7 a) shows a top-down SEM image 

of plasma-treated with 320 cycles of TiN on patterned substrates, with the tops of aC lines in focus. 

For comparison, Figure 6.7 b) and c) show the resulting TiN nucleation on plasma-treated aC 

blanket substrates followed by 320 and 480 cycles of TiN ALD, respectively. For the top of aC 

lines, image analysis revealed a TiN surface coverage of ~49% and a nuclei density of ~3×1011 

cm-2. For 320 and 480 cycles on aC blanket substrates, surface coverage of ~6% and 48%, 

respectively and nuclei density of ~4×1010 cm-2 and ~2×1011 cm-2, respectively. 

 The observed nucleation on the tops and corners of the aC lines could result from excess 

plasma damage at these sites,34 or because of insufficient etch and clean steps after lithography 

patterning. Alternately, feature corners are generally expected to have higher surface energy than 

planar sites,35–37 which could favor nucleation kinetics. Further study using post-etch cleaning or 

atomic layer etching may help remove these defects. One possible route to minimize damage due 

to plasma processing would be to use a remote, rather than a direct plasma.38 

6.4.2.4 Tone Reversal by Selective aC Removal 

Despite undesired particle nucleation on aC lines, conformal TiO2 and TiN films were 

deposited on Si3N4 spaces. The quality of deposited films were assessed during pattern transfer by 

selective removal of aC lines. Using an oxygen plasma, the aC lines were removed via a 

combustion reaction, referred to as “ashing”, to give volatile hydrocarbon products described 

elsewhere.39 Figure 6.8 shows tilted and cross-sectional SEM images of patterns, for a) 320 and b) 

480 cycles of TiN, after aC removal. The SEM images clearly show that the aC was removed, 
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leaving behind TiN particles. The remaining TiN patterns were measured to be ~43 nm wide and 

~10 and ~15 nm tall for 320 and 480 cycles of TiN, respectively. Considering the bottom portion 

of aC lines after plasma treatment, shown in Figure 6.2 b) and Table 6.1, were ~50 nm, the 

remaining Si3N4 spaces would have a width of ~40 nm (maintaining a pitch of 90 nm). Thus, the 

minimum width for TiN ALD was expected to also be 40 nm, comparable to that measured 

experimentally. For both 320 and 480 cycle samples, the thickness of TiN remaining after aC 

removal was similar to that measured after ALD processing (Figure 6.4 b) and c). 

The top-down SEM images for 320 cycles of TiN in Figure 6.7 a) show nearly 50% aC 

surface exposed between TiN particles. It follows that after removal of aC, the void space 

remaining allows ample room for TiN particle diffusion and agglomeration.40–42  Conversely, 

higher TiN surface coverage associated with 480 cycles, and likely partial coalescence allows for 

a more rigid TiN “arch” structure to remain after aC removal. These particles do not appear to be 

securely attached to the underlying substrate, as some of the “arches” have clearly broken off and 

are removed during sample cleaving for SEM. This would imply that a mechanical force may be 

suitable to remove the leftover particles, or a careful selection of solvent/acid wash to liberate 

particle agglomerates. Such post-aC removal clean steps is currently under investigation. 

6.5 Conclusions 

We demonstrated the use of a H2 plasma pre-treatment to selectively deactivate aC lines in 

sub-50 nm aC/Si3N4 patterned wafers. We observed conformal and continuous area-selective ALD 

of TiN and TiO2 on Si3N4 spaces with film thicknesses of 3.5 and 5.8 nm for TiO2 and TiN, 

respectively. We found that the rate of TiN nucleation, resulting in selectivity loss, on the plasma-

treated aC lines depended on the shape of the aC features, where nucleation proceeded more readily 

of feature corners and edges than on blanket aC substrates. After 320 cycles of TiN, the particle 

density on the top of aC lines (~3×1011 cm-2) was approximately one order of magnitude greater 
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than on blanket aC substrates. The tone reversal process was also explored by selective removal 

of aC lines using oxygen plasma, leaving TiN patterned on Si3N4. Final TiN pattern dimensions 

were a function of the number of ALD cycles (dictating the height), and the original space between 

the aC lines (determining the width). TiN patterns with the 10 and 15 nm height and 43 nm width 

were obtained after aC removal. Large agglomerates of particles were observed after aC removal 

but were partially removed during mechanical cleaving during SEM sample preparation, implying 

a removal by an additional etch/clean step. 
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6.7 Figures for Chapter 6 

  

Figure 6.1: Schematic showing the steps involved in formation of aC/Si3N4 line/space patterns 

(Steps 1 – 4), where APF is an aC film. Steps 5 – 7 show the patterns after plasma, ALD, and APF 

strip processing, respectively. 

TiN 
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Figure 6.2: 30o tilt and cross-sectional SEM images of aC/Si3N4 patterned substrates after 

lithography and etch steps followed by a) no treatment, b) 400W 20s H2 plasma, and c) 400W 50s 

H2 plasma. Target pattern dimensions were aC line width of 45 nm, height of 75 nm, and Si3N4 

trench width of 45 nm. All scale bars 100 nm 

a) b) c) 
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a) 

b) 

Figure 6.3: TEM images of aC/Si3N4 patterns subjected to 400W 20s H2 plasma treatments at 

300 oC followed by a) 30 cycles and b) 75 cycles of Ti(OCH3)4 + H2O (ALD TiO2) at 250 oC. 
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a) 

b) 

c) 

Figure 6.4: TEM images of the aC/Si3N4 patterns subjected to 400W 20s H2 plasma at 300 oC 

followed by a) 200 cycles,  b) 320 cycles, and 480 cycles of TiCl4 + NH3 (ALD TiN) at 390 oC. 
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Figure 6.5: TiN thickness, measured from cross-sectional TEM images on Si3N4 spaces (red 

circles) and aC lines (blue triangles) in aC/Si3N4 line/space patterns subjected to 400W 20s plasma 

and 200, 320, and 480 cycles of TiCl4/NH3 at 390 oC. Also shown is TiN thickness obtained by 

spectroscopic ellipsometry on Si3N4 blanket substrates (black squares).  
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a) b) 

Figure 6.6: a) Schematic showing aC/Si3N4 line/space patterns oriented such that the 

photoelectrons generated during X-ray exposure are collected perpendicular to aC lines. Angle 

resolved XPS was utilized, with photoelectron collection angles 22o < θ < 78o. For θ > θ*, 

photoelectrons generated from Si3N4 spaces need to travel through adjacent aC lines. b) Resulting 

Ti at.%, with XPS detector perpendicular to aC lines, from plasma-treated aC/Si3N4 line/space 

patterns subjected to 96 (black squares), 200 (blue triangles), 320 (green diamonds), and 480 (red 

circles) cycles of TiCl4/NH3 at 390 oC. θ* indicated at ~35o based on pattern geometry. 

XPS Detector⊥ aC Lines 
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Figure 6.7: Top-down SEM images of 400W 20s H2 plasma-treated a) aC/Si3N4 (tops of aC lines 

shown in image) patterned substrate followed by 320 cycles of TiN ALD, b) aC blanket substrate 

followed by 320 cycles of TiN ALD, and c) aC blanket substrate followed by 480 cycles of TiN 

ALD. All scale bars 50 nm. 

a) b) c) 
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a) b) 

Figure 6.8: Tilted and cross-sectional SEM images of aC/Si3N4 substrates subjected 400W 20s 

H2 plasma exposure, a) 320 and b) 480 cycles of TiN ALD, and 60 seconds O2 plasma. Resulting 

structures are TiN patterned on Si3N4 with TiN particle contamination remaining in aC vacancies. 
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6.8 Tables for Chapter 6  

Treatment aC Height (nm) aC Width (nm) 
aC Etch  

Top-Down (nm) 

aC Etch  

Sidewall (nm) 

Target aC lines 75 45 - - 

Untreated aC 77.7 + 1.1 

46.5 + 0.6 (Top) 

47.6 + 0.9 (Mid) 

50.1 + 0.7 (Bot) 

- - 

400W 20s 73.6 + 0.7 

42.4 + 1.2 (Top) 

46.9 + 1.2 (Mid) 

49.9 + 0.7 (Bot) 

4.1 + 1.3 

2.0 + 0.7 (Top) 

0.4 + 0.7 (Mid) 

0.1 + 0.5 (Bot) 

400W 50s 66.5 + 0.6 

34.2 + 0.5 (Top) 

35.4 + 0.9 (Mid) 

38.5 + 0.3 (Bot) 

11.1 + 1.2 

6.1 + 0.4 (Top) 

6.1 + 0.7 (Mid) 

6.3 + 0.4 (Bot) 

Table 6.1 Dimensions for Untreated and Plasma-Treated aC/Si3N4 Patterns 
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APPENDIX A1. Thermal Chemical Vapor Etch Selectivity of TiO2 versus Al2O3 Using 

WCl5
* 

 

*The results shown in this appendix are preliminary findings, with further experiments and 

analysis required before drawing conclusions. 

 

Eric C. Stevens,† Gregory N. Parsons*,† 

†Department of Chemical and Biomolecular Engineering, North Carolina State University, 911 

Partners Way, Raleigh NC 27695 

 

A1.1 Experimental 

All ALD experiments were conducted in a homemade, hot wall, reactor operating in the 

viscous flow regime. All reactor lines were resistively heated to ~150 –170 oC to prevent precursor 

condensation during the delivery process. The deposition chamber (~3.5 cm diameter 316 stainless 

steel tube) was resistively heated using a proportional–integral–derivative (PID) temperature 

controller. The deposition temperatures tested were 250 and 300 oC. The reactor utilized in situ 

quartz crystal microbalance (QCM) to monitor the process during ALD processing. Research grade 

nitrogen (99.999%, Machine & Welding Supply Company) was further purified (Entegris Gate-

Keeper) and used as the carrier and purge gas at an operating pressure of ~1.5 Torr.  

A1.1.1 ALD Precursors and Delivery 

Tungsten (V) chloride (WCl5) was obtained from industry partners and was transferred, in 

a N2-filled glovebox, into a stainless-steel vessel for ALD experiments. The WCl5 vessel was 

connected to the ALD reactor and, prior to initiation of ALD experiments, pumped down for ~5 

minutes, at room temperature, to remove excess N2 and ensure consistent dosing into the reactor 

chamber. The WCl5 vessel was heated resistively and maintained at ~145 oC via a PID temperature 
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controller. WCl5 was dosed into the deposition chamber via a three-way valve, with N2 as the 

carrier gas.  

Aluminum oxide (Al2O3) was deposited using trimethyl aluminum (Al(CH3)3, or TMA), 

purchased from Strem and used as received, and H2O. The TMA vessel was not heated, but the 

delivery lines were kept at ~150 – 170 oC. TMA was dosed into the deposition chamber via a three-

way valve, with N2 as the carrier gas.  Titanium oxide (TiO2) was deposited using titanium 

tetrachloride (TiCl4), purchased from Strem and used as received, and H2O. The TiCl4vessel was 

not heated, but the delivery lines were kept at ~150 – 170 oC. TiCl4was dosed into the deposition 

chamber via a three-way valve, with N2 as the carrier gas. 

A1.1.2 In situ QCM 

For QCM analysis, Au-coated quartz crystals (Inficon, 6 MHz AT-cut quartz, 0.55” 

diameter, unpolished) were used as received. A commercial QCM assembly (Cool Drawer, 

Inficon) was specially modified to allow a constant flow of ~0.3 Torr of N2 to purge the back side 

of the quartz crystal. This modification prevented unwanted deposition during ALD processing on 

the electrode contacts. The modified QCM assembly was inserted into the ALD reactor, with the 

sensor head containing the QCM crystal positioned in the center of the deposition chamber. Before 

starting deposition runs, the QCM sensor was held in the reactor for ~ 4 to 6 hours under dry N2 

flow at the operating pressure of 1.5 Torr to allow the sensor to reach thermal equilibrium at the 

desired deposition temperature. Thermal equilibrium was reached after changes in steady-state 

QCM frequency were less than ~0.5 Hz over 30 minutes. For QCM experiments, Mass change 

measurements were recorded using an Inficon SQM-160 controller at a sampling rate of 10 Hz.  

A1.2 Results and Discussion 

To understand the potential reaction pathways for WCl5 etching of TiO2, thermodynamic 

modeling was utilized via HSC Chemistry 7.1 software. Initial species were set to 5 moles N2, 2 
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moles WCl5 (g) and 1 moles TiO2 (s) in a closed system, with constant pressure of 2 mbar. The 

temperature was increased from 25 to 500 oC, with the Gibb free energy minimized at each step. 

Any species with an equilibrium concentration less than 1 mmol was not shown.  

Figure A1.1 shows the predicted species at equilibrium as a function of temperature. At 

room temperature, WCl5(g) reacts with TiO2 (s) to give ~1.9 mol of WOCl3(s) and 1 mol of TiCl4(g). 

At temperatures above 150 oC, WOCl3(s) can react to form WOCl2(s), WOCl3(g), and WOCl4(g). For 

temperatures > 300 oC, all solid byproducts volatilize to form WOCl3(g) and TiCl4(g).  It is important 

to note that this model is for a closed system, which does not consider the removal of species. In 

an ALD reaction, byproducts are removed after each half-reaction. 

TiO2 films were grown in situ on Au-coated QCM crystals using 100 cycles of TiCl4/H2O 

at 250 or 300 oC. Figure A1.2 shows the resulting mass change (from QCM) at 300 oC for a TiO2 

film subjected to 10 consecutive, 1 second WCl5 doses, separated by 30 second N2 purges. At 300 

oC, the first dose results in a mass gain of ~38 ng/cm2, followed by a constant mass loss of ~40 

ng/cm2. Figure A1.2 b) suggests that at 300 oC, only volatile byproducts are likely to form during 

WCl5 etching of TiO2. The initial mass gain observed during the first WCl5 could be due to 

formation of WOCl2(s) species, which may require additional WCl5 dosing to react and form 

volatile WOCl3(g). 

Figure A1.3 shows the resulting mass change (from QCM) at 250 oC for a TiO2 subjected 

to 2 sets of 10 consecutive, 1 second WCl5 doses, separated by 30 second N2 purges. At 250 oC, 

the first dose results in a mass gain of ~25 ng/cm2, followed by a roughly constant mass loss of 

~25 ng/cm2. During the first sub set of 10 doses, the mass loss decreases to ~10 ng/cm2 for the last 

two doses. After a 25 minutes N2 purge, 10 additional WCl5 doses resulted in no mass change. 

Figure A1.3 b) suggests that at 250 oC, solid WOCl2(s) and WOCl3(s) byproducts are likely to form 
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during WCl5 etching of TiO2. The initial mass gain observed during the first WCl5 could be due to 

formation of WOCl2(s) and WOCl3(s) species, which may require additional WCl5 dosing to react 

and form volatile WOCl3(g). With enough cycling, additional WCl5 doses do not result in additional 

TiO2 etching. This is likely due to an accumulation of WOCl2(s) and WOCl3(s) which may sterically 

hinder the WCl5 molecule from reacting with underlying TiO2.  

Using equation (A1.1), the average mass change (Δm) from Figures A1.2 and A1.3 and the 

density of TiO2 (anatase TiO2 ~3.9 g/cm3)1, can be used to estimate the expected etch rate per cycle 

(EPC), in units of nm/cycle:  

EPC = Δm × ρ ─1   (A1.1) 

Using equation (A1.1), the EPC at 300 and 250 oC was calculated to be 0.1 and 0.06 nm/cy, 

respectively. An estimated thickness of one TiO2 monolayer can be calculated using equation A1.2 

𝑡𝑚 = [𝑀𝑊 (𝑁𝐴 × 𝜌)⁄ ]1 3⁄    (A1.2) 

where MW, NA, and ρ are the molecular weight (TiO2 = 79.87 g/mol), Avagadro’s number (6.022 

× 1023 molecules/mol), and the density of TiO2 (anatase TiO2 ~3.9 g/cm3). Using equation (A1.2), 

the thickness of one TiO2 monolayer was found to be ~ 0.32 nm. With the EPC values from 

equation A1.1, the average etch rate can be rewritten in terms of monolayers etched per cycle. The 

EPC at 300 and 250 oC was thus calculated to be 0.32 and 0.20 monolayer/cy, respectively. 

For etching reactions at 250 oC, the solid formation, leading to a poisoning of TiO2 etching, 

could be potentially applied as a pseudo thermal atomic layer etch process.2–5 For such a process, 

~250 ng/cm2 can be etched during 10 cycles of WCl5 at 250oC, corresponding to ~ 0.64 nm or ~ 2 

monolayers of TiO2. After which, the etching stops due to solid species formation. Liberation of 

these species can be accomplished by localized heating of the substrate, which would likely 
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volatilize WOCl2(s) and WOCl3(s) species to give WOCl2(g). This process can be repeated in a cyclic 

manner to give an a self-limiting etch rate of ~ 0.64 nm/cycle. 

Figure A1.4 shows mass change data from QCM during 100 cycles of Al(CH3)3 + H2O 

(black) and TiCl4 + H2O (red) at 300 oC deposited on Au-coated QCM substrates followed by 30 

and 50 consecutive doses of WCl5, respectively. Figure A1.5 a) shows a magnified region during 

30 WCl5 exposures to the Al2O3 surface, where the first dose resulted in a mass increase of ~ 75 

ng/cm2. The second and third dose both resulted in a mass loss of ~ 10 ng/cm2/cy (or a total of 20 

ng/cm2), followed by no observable mass change for the remaining 27 doses. The initial mass gain 

is likely the formation of solid reaction byproducts, which can be partially liberated with 

subsequent WCl5 doses before enough solid has accumulated to inhibit further Al2O3 etching. The 

difference between this result and TiO2 etching at 250oC is that the ~0.64 nm of TiO2 was etched 

during 10 cycles of WCl5, while a net mass increase was observed during WCl5 doses on a Al2O3 

surface. 

Figure A1.5 b) shows a magnified region during 50 WCl5 exposures to the TiO2 surface, 

where the first dose resulted in a mass increase of ~ 40 ng/cm2. The remaining 49 doses resulted 

in a constant mass loss of ~ 12 ng/cm2/cy. The initial mass gain was nearly the same as that 

observed in Figure A1.2. The etch rate from Figure A1.5 b), 0.03 nm/cy, was lower than that found 

in Figure A1.2, 0.1 nm/cy. The decreased EPC is likely due to a lesser dose during the runs that 

generated Figure A1.5 b) than in Figure A1.2. Despite a constant dose time and WCl5 source 

temperature, a depletion of the precursor would lead to less partial pressure of WCl5 in equilibrium 

in the headspace to be dosed. At 300 oC this process was shown to be a chemical vapor etch, which 

can be defined as having a linear etch rate per cycle that does not self-limit (contrary to an atomic 

layer etch process). Thus, dosing less precursor would lead to a lower etch rate.  



   

197 

 

A1.3 Figures for Appendix A1 

  

Figure A1.1: Predicted equilibrium species from the reaction of 2 moles of WCl5(g) and 1 moles 

of TiO2(s) from temperatures ranging 25 – 500 oC and pressure of 2 mbar. Only species with an 

equilibrium concentration greater than 1 mmol are shown. The following are the species expected 

at equilibrium, with their anticipated phase indicated as either (g) for gas or (s) for solid, WOCl3 

(s) (black), WOCl3 (g) (red), TiCl4 (g) (blue), WOCl4 (g) (green), and WOCl2 (g) (brown). 
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Figure A1.2: a) After 100 cycles of TiCl4 + H2O at 300 oC, 10 consecutive, 1 second doses of 

WCl5, separated by 30 second purges. Linear etch rate of -40 ng/cm2/cy. b) same as from Figure 

A1.1 but with vertical line indicating the etch temperature in a) 

a) 

b) 
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Figure A1.3: a) After 100 cycles of TiCl4 + H2O at 250 oC, 10 consecutive, 1 second doses of 

WCl5, separated by 30 second purges. Linear etch rate of -25 ng/cm2/cy, with a decrease in etch 

rate to 10 ng/cm2/cy for the 9th and 10th dose. 25 minutes of N2 purging, then 10 consecutive, 1 

second doses of WCl5, separated by 30 second purges. b) same as from Figure A1.1 but with 

vertical line indicating the etch temperature in a) 

a) 

b) 
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Figure A1.4: 100 cycles of Al(CH3)3 + H2O (black) and TiCl4 + H2O (red) at 300 oC deposited on 

Au-coated QCM substrates followed by 30 and 50 consecutive, 1 second doses of WCl5, separated 

by 30 second N2 purges, respectively. 
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Figure A1.5: Magnified etching regions from Figure A1.4. a) 100 cycles of Al(CH3)3 + H2O 

followed by 30 consecutive, 1 second doses of WCl5, separated by 30 second N2 purges. b) TiCl4 

+ H2O (red) at 300 oC followed by 50 consecutive, 1 second doses of WCl5, separated by 30 

second N2 purges. 

a) 

b) 
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APPENDIX A2. In Situ Study of Titanium Carbide by Thermal ALD* 

 

*The results shown in this appendix are preliminary findings, with further experiments and 

analysis required before drawing conclusions. 

 

Eric C. Stevens,† Gregory N. Parsons*,† 

†Department of Chemical and Biomolecular Engineering, North Carolina State University, 911 

Partners Way, Raleigh NC 27695 

 

A2.1 Experimental 

All ALD experiments were conducted in a homemade, hot wall, reactor operating in the 

viscous flow regime. All reactor lines were resistively heated to ~150 –170 oC to prevent precursor 

condensation during the delivery process. The deposition chamber (~3.5 cm diameter 316 stainless 

steel tube) was resistively heated using a proportional–integral–derivative (PID) temperature 

controller. The deposition temperatures tested were 200─350 oC. The reactor utilized in situ quartz 

crystal microbalance (QCM) to monitor the process during ALD processing. The upper 

temperature limit of 350 oC was established due to stability and material constraints of the QCM 

apparatus. Research grade nitrogen (99.999%, Machine & Welding Supply Company) was further 

purified (Entegris Gate-Keeper) and used as the carrier and purge gas at an operating pressure of 

~1.5 Torr.  

A2.1.1 ALD Precursors and Delivery 

Titanium tetrachloride (TiCl4) and trimethyl aluminum (Al(CH3)3, or TMA) were 

purchased from Strem and used as received. The TiCl4 and TMA vessels were not heated, but the 
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delivery lines were maintained at ~170 oC. TiCl4 and TMA were delivered into the deposition 

chamber from separate delivery lines using N2 as the carrier gas.  

A2.1.2 In situ QCM 

For QCM analysis, Au-coated quartz crystals (Inficon, 6 MHz AT-cut quartz, 0.55” 

diameter, unpolished) were used as received. A commercial QCM assembly (Cool Drawer, 

Inficon) was specially modified to allow a constant flow of ~0.3 Torr of N2 to purge the back side 

of the quartz crystal. This modification prevented unwanted deposition during ALD processing on 

the electrode contacts. The modified QCM assembly was inserted into the ALD reactor, with the 

sensor head containing the QCM crystal positioned in the center of the deposition chamber. Before 

starting deposition runs, the QCM sensor was held in the reactor for ~ 4 to 6 hours under dry N2 

flow at the operating pressure of 1.5 Torr to allow the sensor to reach thermal equilibrium at the 

desired deposition temperature. Thermal equilibrium was reached after changes in steady-state 

QCM frequency were less than ~0.5 Hz over 30 minutes. For QCM experiments, Mass change 

measurements were recorded using an Inficon SQM-160 controller at a sampling rate of 10 Hz.  

A2.2 Results and Discussion 

To understand the TiCl4/TMA reaction and associated byproducts as a function of 

temperature, thermodynamic modeling was utilized via HSC Chemistry 7.1 software. Figure A2.1 

shows the predicted species at equilibrium as a function of temperature. Initial species were set to 

5 moles N2, 1 mole TiCl4(g), and 1 mole Al(CH3)3(g) in a closed system, with constant pressure of 

2 mbar. The temperature was increased from 25 to 400 oC, with the Gibb free energy minimized 

at each step. Any species with an equilibrium concentration less than 1 mmol was not shown.  

At room temperature, TiCl4(g) reacts with Al(CH3)3(g) to give TiC(s), CH4(g), and AlCl3(s). At 

temperatures above ~100 oC, AlCl3(s) can react to form volatile Al2Cl6(g), which subsequently reacts 

to form AlCl3(g) at temperatures beyond ~150 oC. It is important to note that this model is for a 
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closed system, which does not consider the removal of species. In an ALD reaction, byproducts 

are removed after each half-reaction. 

From preliminary thermodynamic modeling results shown in Figure A2.1, deposition 

temperatures lower than 100 oC were not considered. Due to precursor condensation and delivery 

optimization, the lower temperature limit tested was 200 oC. Figure A2.2 shows the resulting mass 

change (from QCM) at 250, 300, and 350 oC during 200 cycles of TiCl4/N2/TMA/N2, with dose 

times 1s/30s/1s/30s. The averaged mass change per cycle over 200 cycles was 80, 50, and 8 

ng/cm2/cy at 350, 300, and 250 oC, respectively.  

Figure A2.3 shows magnified images from Figure A2.2 for depositions at a) 350, b) 300, 

and c) 250 oC where resulting mass change behavior (from QCM) from individual dosing can be 

observed. At 350 oC, TiCl4 exposures resulted in a mass increase of ~85 ng/cm2/cy, while TMA 

doses resulted in a mass loss of ~5 ng/cm2/cy. At 300 oC, TiCl4 exposures resulted in a mass 

increase of ~70 ng/cm2/cy, while TMA doses resulted in a mass loss of ~20 ng/cm2/cy. At 250 oC, 

TiCl4 exposures resulted in a mass increase of ~16 ng/cm2/cy, while TMA doses resulted in a mass 

loss of ~8 ng/cm2/cy. 

To better understand dose saturation behavior, 5 consecutive sub-doses (i.e., 

(TiCl4/N2)×5/(TMA/N2)×5) of each precursor were investigated as a function of deposition 

temperature. Figure A2.4 shows magnified images representative of the mass change behavior 

over at least 50 cycles of 5 sub-doses for depositions at a) 350, b) 300, c) 250, and d) 200 oC. The 

resulting average mass change during each of the 5 TiCl4 and TMA sub-doses is given in Figure 

A2.5 a) and b), respectively. In general, the mass increase during TiCl4 doses approached 

saturation after two doses at all deposition temperatures. The first TiCl4 dose for depositions at 

350 and 300 oC resulted in a mass gain of 85 - 95 ng/cm2/cy, while at 250 and 200 oC, the mass 
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gain was 50 - 60 ng/cm2/cy. For TMA doses, depositions at 300, 250, and 200 oC resulted in an 

overall mass loss, while at 350 oC dosing resulted in a mass gain. 

A summary of the average mass change during TiCl4 doses to that observed during TMA 

doses was calculated and presented as a function of deposition temperature in Figure A2.6. For 

growth at deposition temperatures of 200 and 250 oC, the ratio was 2 – 3, while at 300 and 350 oC 

the ratio increased to ~15 and 23, respectively. Based on previous findings, for deposition 

temperatures > 300 oC, aluminum was found in deposited TiC films by XPS and increased with 

increasing temperature.1–3 Previous studies also have shown that TMA degrades at temperatures  

> 300 oC.4,5 Thus, the ratio of mass change during TiCl4 and TMA dosing is likely related to the 

amount of Al incorporated in the films, in addition to the extent of TiCl4 dissociative surface 

absorption. 

Using equation (A2.1), the average mass change (Δm) from Figures A2.2 and A2.4 and the 

density of TiC (bulk TiC = 4.93 g/cm3)6, can be used to estimate the expected growth rate per cycle 

(GPC), in units of nm/cycle:  

GPC = Δm × ρ ─1    (A2.1) 

Using equation (A2.1), the GPC at 350, 300, and 250 oC for single doses of TiCl4/TMA was 

calculated to be 0.16, 0.10, and 0.02 nm/cy, respectively. For 5 sub-doses of TiCl4/TMA, the 

calculated GPC was 0.29, 0.25, 0.14, and 0.08 nm/cy for depositions at 350, 300, 250, and 200 oC, 

respectively. 

The estimated thickness of one monolayer of TiC can be calculated using equation (A2.2): 

𝑡𝑚 = [𝑀𝑊 (𝑁𝐴 × 𝜌)⁄ ]1 3⁄    (A2.2) 

where MW, NA, and ρ are the molecular weight (TiC = 59.89 g/mol), Avagadro’s number (6.022 

× 1023 molecules/mol), and the density of TiO2 (bulk TiC = 4.93 g/cm3). Using equation (A2.2), 
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the ideal TiC monolayer thickness was found to be ~ 0.27 nm. With the GPC values from equation 

A2.1, the average GPC can be rewritten in terms of monolayers grown per cycle. The GPC at 350, 

300, and 250 oC for single doses of TiCl4/TMA was calculated to be 0.60, 0.37, and 0.06 

monolayer/cy, respectively. For 5 sub-doses of TiCl4/TMA, the calculated GPC was 1.0, 0.90, 

0.52, and 0.30 monolayer/cy for depositions at 350, 300, 250, and 200 oC, respectively. The GPC 

calculations above assume the bulk density of TiC, which is likely to vary as a function of 

deposition temperature and corresponding aluminum incorporation.  
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A2.3 Figures for Appendix A2 

    

Figure A2.1: Predicted equilibrium species from the reaction of 1 mole of TiCl
4(g)

 and 1 mole of 

Al(CH
3
)
3(g)

 from temperatures ranging 25 – 400 
o
C and pressure of 2 mbar. Only species with an 

equilibrium concentration greater than 1 mmol are shown. The following are the species expected 

at equilibrium, with their anticipated phase indicated as either (g) for gas or (s) for solid: CH
4 (s)

 

(black), TiC 
(s)

 (red), AlCl3 (g) (pink), AlCl3 (s) (green), and Al
2
Cl

6 (g) 
(blue). 
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Figure A2.2: QCM results showing the mass change (ng/cm2) versus process time (minutes) for 

200 cycles of TiCl4/N2/TMA/N2, with dose times 1s/30s/1s/30s, at 350 oC (black), 300 oC (blue), 

and 250 oC (red). For each temperature, the average mass change per cycle is given above the 

corresponding curve in units of ng/cm2/cy. 
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Figure A2.3: QCM results showing the magnified mass change (ng/cm2) versus process time 

(minutes) from Figure A2.2 for 200 cycles of TiCl4/N2/TMA/N2, with dose times 1s/30s/1s/30s, 

at a) 350 oC (black), b) 300 oC (blue), and c) 250 oC (red). For each deposition temperature, a 

representative TiCl4 and TMA dose are shown with arrows, along with the average mass change. 

a) 

b) c) 
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  a) b) 

c) d) 

Figure A2.4: QCM results showing the mass change (ng/cm2) versus process time (minutes) for 

5 sub-doses, i.e., (TiCl4/N2)×5/(TMA/N2)×5, with dose times (1s/30s)×5/(1s/30s)×5, at a) 350 oC 

(black), b) 300 oC (blue), c) 250 oC (red), and d) 200 oC (green). For each deposition temperature, 

representative TiCl4 and TMA doses are indicated with arrows, along with the cumulative mass 

change. 
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a) b) 

Figure A2.5: QCM results showing the average mass change (ng/cm2) versus number of a) TiCl4 

of b) TMA sub-doses. Data were averaged from over at least 50 cycles of 

(TiCl4/N2)×5/(TMA/N2)×5, with dose times (1s/30s)×5/(1s/30s)×5, at 350 oC (black upside-down 

triangles), 300 oC (red triangles), 250 oC (blue circles) and 200 oC (green squares). 
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Figure A2.6: Ratio of the averaged mass changes (absolute value), obtained from QCM, during 

5 sub doses of TiCl4/TMA at 200, 250, 300, and 350 oC. Data were averaged from over at least 

50 cycles of (TiCl4/N2)×5/(TMA/N2)×5, with dose times (1s/30s)×5/(1s/30s)×5. 
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