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Abstract 

 

Atomic layer deposition (ALD) enables uniform and conformal deposition of 

sub-nanometer thick films over large substrate area, hence is the most suitable 

technique for deposition of critical features in modern semiconductor 

fabrication. Compared to other transition metal nitrides, reported studies on 

zirconium nitride (ZrN) ALD are scarce. Moreover ALD of conducting ZrN is 

relevant for numerous applications in advanced semiconductor devices. 

Plasma enhanced ALD (PEALD) ZrN thin films using tetrakis-dimethylamido 

zirconium (TDMAZr) and forming gas (5% H2, 95% N2) reactant plasma were 

grown on p-type Si (111) and thermal SiO2 substrates at temperatures in the 

range of 100 °C - 350 °C. The ZrN PEALD growth was characterized from 

dynamic in-situ spectroscopic ellipsometry (d-iSE) measurements performed 

in real-time during film growth. A procedure was developed to interpret and 

analyze d-iSE data accounting for partial surface monolayer growth per ALD 

cycle. The optimum process parameters for self-limiting ZrN PEALD growth 

were determined from experiments designed on the basis of self-limiting ALD 

surface reactions. The ZrN film thickness determined from iSE data was found 

to be in agreement with the ex-situ XRR measurement. The metallic nature of 

ZrN films deposited with 0.10s TDMAZr – 12s purge – 9s plasma – 9s purge 

at 150 °C and 600 Watts plasma was concluded from the free electron 

dispersion component of the dielectric function and photoemission features at 

the Fermi level in the valence band XPS spectra. The glancing incidence x-ray 

diffraction (GIXRD) pattern was consistent with ZrN and Zr3N4 phases along 

with ZrO2 feature arising from the post-deposition surface oxidation. The 
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electrical resistivity for 35.5 nm ZrN film was found to be 559.5 μΩ-cm.  The 

XPS survey spectra showed presence of O and C within the grown ZrN film. 

The relatively high concentrations of O was explained on the basis of high 

energy Ar
+
 sputtering induced diffusion of oxygen atoms from the surface 

oxide layer into the underlying film. To address poor ALD precursor 

consumption, a first-principle numerical model for ALD growth was 

developed to compare novel ALD recipes with the conventional ABAB… type 

deposition. ZrN PEALD with AABAAB... cycle showed ~20% increase in the 

GPC along with 50% reduction in the TDMAZr dose for saturation as 

compared to ABAB… cycle under similar process conditions. 
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1. Introduction 

 

 

Atomic layer deposition (ALD) of conducting zirconium nitride (ZrN
a
) is 

essential for applications such as diffusion barrier layer for Cu-interconnects, 

contact metal in high density memories etc., where uniform deposition of 

ultrathin ZrN films is required within high-aspect ratio features. Good lattice 

matching between ZrN (111) and GaN (0001) (lattice constant = 0.316 nm) 

and small differences between their work function (ϕ
ZrN

 = 4.6 eV [1]; ϕ
n-GaN

 = 

4.1 eV [2]) also makes it a potential material for integration with GaN based 

semiconductor devices. 

 

1.1. Problem Statement  

ALD of insulating [3] and  conducting [4] ZrN films has been reported in the 

literature, however the data on conducting ZrN is confounded by the fact that 

these films were grown directly on  silicon substrates without an intervening 

insulating layer. The ALD growth of ZrN needs further study in order to 

develop a viable solution for device fabrication. In this research the growth of 

ZrN via plasma enhanced atomic layer deposition (PEALD) is studied using 

in-situ ellipsometry (iSE), and model is developed to understand the growth of 

these films. In addition, one of the important issues in ALD, namely precursor 

                                                 

a
 A variable stoichiometry with respect to N content is exhibited by zirconium nitride films rightly represented as 

ZrNx with 1 ≤ x ≤ 1.33. In the text the PEALD film is referred as ZrN (neglecting the subscript x). 
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consumption [5], is addressed through novel recipe development. Finally, 

improved PEALD ZrN will be applied to device fabrication. 

 

1.2. Research Goals 

 Interpret and analyze the d-iSE data considering partial surface monolayer 

growth per ALD cycle. 

 Study and develop low-temperature PEALD process for the deposition of 

conducting ZrN films using tetrakis-dimethylamido-zirconium (IV) 

(TDMAZr) precursor and forming gas (5% H2 - 95% N2) reactant plasma. 

 Identify the source of O-contamination within PEALD grown ZrN films. 

 Develop novel recipes for improved ALD precursor utilization. 

 

1.3. Thesis Outline 

The primary objective of this thesis was to develop and study a low-

temperature PEALD process for depositing conducting ZrN films. A stable 

metal-organic Zr precursor (TDMAZr) was selected for its high reactivity and 

non-corrosive reaction by-products against halogen based precursors. 

Application of H2 containing reactant gas plasma was expected to be 

beneficial in the reduction of zirconium from Zr
+4

 in TDMAZr to Zr
+3

 in the 

deposited ZrN films as compared to nitrogen or ammonia (NH3) plasma. The 

H2 content (5% H2) in the reactant gas was determined from the molecular 

bond dissociation energy (H-H and N-N bond strengths) dependent ionization 

probabilities.  
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The literature review on ALD growth is presented in Chapter 2 emphasizing 

on the fundamental ALD surface reaction steps and the key elements of ALD 

process design and in-situ growth characterization. Material properties, 

deposition techniques and applications of ZrN thin films are briefly discussed 

in this chapter. 

 

The experimental procedure followed for the growth of ZrN PEALD films are 

described in Chapter 3 along with the analytical techniques applied for 

process optimization and material characterization. Salient features of the 

ALD reactor (ALD-150 LX, Kurt J. Lesker) and in-situ spectroscopic 

ellipsometer (M2000DI, J. A. Woollam) are discussed here. 

 

The analysis of the dynamic iSE (d-iSE) data essentially depends upon the 

physical interpretation of raw data along with the application of appropriate 

film growth model. In Chapter 4, considering a surface diffusion enhanced 

mode for ZrN PEALD film growth, the surface coverage of ALD film after 

every deposition cycle is determined from the analysis of d-iSE parameters. 

  

Chapter 5 describes the optimization of ZrN film deposition process to attain 

characteristic self-limiting PEALD growth. An experimental scheme is 

proposed for ALD process optimization from reduced number of depositions. 

The material properties of the ZrN films grown with optimized ALD cycle are 

evaluated and compared with the literature data. 
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In literature, high concentrations of O have often been reported in nitride ALD 

films. Although different mechanisms have been discussed for incorporation 

of O within nitride films, very limited number of studies has been focused on 

the identification of this contamination source. A study is presented in 

Chapter 6 to investigate O contamination source within ZrN PEALD grown 

films. 

 

One of the most critical issues with ALD in high-volume fabrication is the 

poor utilization of ALD precursors. In conventional ALD (ABAB… cycle) 

this precursor utilization and growth-per-cycle (GPC) at saturation is limited 

by the surface reaction kinetics and the steric factors. A first-principle 

numerical model for ALD growth is developed in Chapter 7, to investigate 

alternate ALD cycle recipes for efficient precursor consumption. 

 

The key results from the presented work are summarized in Chapter 8 and the 

future research directions are described in Chapter 9. 

 

1.4. References 

[1]  Y. Gotoh, H. Tsuji, J. Ishikawa, J. Vac. Sci. Technol. B Microelectron. 

Nanometer Struct. 21 (2003) 1607. 

[2]  C. Bae, C. Krug, G. Lucovsky, A. Chakraborty, U. Mishra, Appl. Phys. 

Lett. 84 (2004) 5413. 

[3]  J.S. Becker, E. Kim, R.G. Gordon, Chem. Mater. 16 (2004) 3497. 

[4]  S. Cho, K. Lee, P. Song, H. Jeon, Y. Kim, Jpn. J. Appl. Phys. 46 (2007) 

4085. 
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[5]  R.G. Gordon, D. Hausmann, E. Kim, J. Shepard, Chem. Vap. Depos. 9 

(2003) 73. 
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2. Literature Review 

 

 

2.1. ALD Background 

Thin film deposition is an essential process step in the fabrication of modern 

electronic device components such as semiconductor integrated circuits, solid 

state memory, LED’s, compact batteries, solar cells, micro electro-mechanical 

systems (MEMS), etc. These deposition techniques are broadly classified as: 

(a) physical vapor deposition (PVD) and (b) chemical vapor deposition 

(CVD). In PVD (evaporation, laser ablation, sputtering, etc.), the film growth 

results from the physical transport of vapour from the source (solid target 

material or molten pool) to the deposition surface, henceforth referred to as 

substrate. The directional transport of vapour under high vacuum leads to poor 

step coverage within non-planar substrate features and cosn  thickness 

dependence [1], with θ being the angle between source and substrate normal. 

In CVD, the chemical reactants are simultaneously introduced into the reactor 

under a continuous flow of carrier gas and the film growth results from their 

reaction at the substrate, usually maintained at high temperatures. Although 

uniform deposition over large planar surface could be attained in CVD [2], 

inclusion of reaction by-products within growing material and gas-phase 

reactions pose a serious concern. In addition, the constricted transport of CVD 

reactants within a non-planar high-aspect ratio features, results in non-

conformal deposition. 
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In modern semiconductor fabrication, deposition of high-k dielectric gates in 

field-effect transistors [3–5], diffusion barrier/seed layers for Cu interconnects 

[6], etc., requires the uniform deposition of  sub-10 nm thick films. Moreover 

these films are also required to be free of defects (pinholes, particulate 

inclusions, etc.) and uniformly cover non-planar high-aspect ratio features, 

such as through-silicon vias (TSV), deep trenches, etc., spread over large 

substrate area (> 700 cm
2
). With the advent of 450 mm diameter Si wafers in 

high-volume fabrication the substrate area is expected to increase to ~ 1500 

cm
2
 [7]. The fundamental limitation with PVD and conventional CVD 

processes makes them unsuitable for fabrication of these critical features over 

large deposition area. 

 

2.2. Atomic Layer Deposition (ALD) 

2.2.1. An Introduction 

Atomic layer deposition (ALD) emerged in the 1960’s and 1970’s [8,9] as a 

variation of conventional CVD technique, where the chemical reactants are 

individually introduced into the reactor in a cyclic sequence [10–14] (i.e. for 

binary reaction A B AB  , the reactant pulsing sequence is 

ABABAB…with an inert gas purge between every reactant pulse). Although 

ALD also results from the surface reactions like in CVD, in  ALD surface 

reaction ( A surface or B surface ) the active surface reactions sites are 

consumed on reaction, terminating the reaction on saturation regardless of any 

excess reactants. This self-limiting ALD surface reaction results in uniform 

deposition over planar as well as non-planar substrate features. Furthermore, 

as the ALD surface reactions are self-terminating on saturation, uniform 
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deposition could be achieved on extremely large substrate areas using 

sufficient reactant flux to meet surface saturation conditions.  

 

To facilitate removal of excess reactant molecules and by-products of the 

surface reaction, the ALD reactor is purged with inert gas between successive 

reactant pulses. This inert gas purging ensures that the ALD grown films are 

free of particulate inclusion from gas phase reaction and contamination from 

the incorporation of reaction by-products. This complete reactant pulsing 

sequence during ALD, i.e. reactant A – inert gas purge – reactant B – inert gas 

purge, is termed an individual deposition cycle. Since an integral number of 

deposition cycles are used, ALD offers a sub-nanometer control over 

deposition thickness in addition to excellent uniformity over entire substrate 

area. 

 

The earliest efforts in ALD were directed towards deposition of compound 

thin films for electroluminescent displays [15], interest in ALD was revived by 

the continuous scaling in semiconductor devices [16] (see Table 2-1).  

 

Table 2-1: ALD applications in semiconductor fabrication process 

Application ALD Material References 

High-k dielectric in MOSFET Al2O3, ZrO2, HfO2 [3–5] 

Metal gate for high-k oxides  HfN, TaN, TiN, TaC [19–22] 

Cu diffusion barrier in interconnects ZrN, HfN, TiN, TaN [23–26] 

Adhesion layer for metal interconnects Ru [27] 

Oxides in DRAM trench capacitors 
TiO2, AlxTi1-xOy,  

BaTiO3, SrTiO3 
[28–31] 

Contacts in DRAM trench capacitors TiN, Ir, W [19,32,33] 
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Recently ALD has also been applied in much wider research areas such as 

nanoparticle coatings, nano-laminates, etc., and advanced devices based on 

carbon nanotubes, semiconducting nanowires, etc., [17,18]. 

 

2.2.2. Operating principle of ALD 

ALD of binary compound films (AB using A-Ln and B-Xn) in a continuous 

flow reactor is schematically represented in Figure 2-1. A continuous flow of  

 

 

Figure 2-1: ALD of AB (reactants A-Ln and B-Xn) in a continuous flow 

reactor. Block diagram of a continuous flow reactor, reactant pulsing sequence 

during a deposition cycle are shown in (a) and (b). Schematic of surface 

reactions for an “ideal-ALD” are shown in (c) emphasizing upon the 

consumption and regeneration of surface species (S:B-Xm) for a complete 

deposition cycle with a monolayer growth (thickness dmono). 

 

inert gas is maintained through the deposition chamber and the reactant 

delivery lines during deposition by keeping valves V1 - V4 open as shown in 
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Figure 2-1(a). This is done primarily to prevent any material build-up from 

condensation within ALD reactor or delivery lines which would act as a 

virtual/secondary reactant source. The inert gas flowing through reactant 

delivery lines also acts as a carrier gas for the transport of ALD reactant 

molecules to the substrate. Using an electronically controlled 3-port ALD 

valve (VALD1 and VALD2 normally OFF) a precise dose of reactant molecules is 

released into this carrier gas in form of short pulses, generally for few 

milliseconds duration.  

 

The typical ALD surface reactions for deposition of AB are schematically 

represented in Figure 2-1(b). In the first-partial ALD reaction during A-Ln 

pulse (t0 ≤ t ≤ t1; VALD1 switched ON), the introduced reactant molecules react 

with the B-Xm surface reaction sites. At saturation these B-Xm sites are 

completely consumed with the generation of A-Ln-m surface species that acts as 

reaction sites for the following B-Xn reactant pulse (t2 ≤ t ≤ t3; VALD2 switched 

ON). This second-partial ALD reaction on saturation entirely consumes the 

newly formed A-Ln-m surface species and regenerates B-Xm species at the 

surface for the following A-Ln pulse. In between A-Ln and B-Xn reactant pulses 

(t1 ≤ t ≤ t2 and t3 ≤ t ≤ t4; both VALD1 and VALD2 are OFF) the ALD reactor is 

purged with the continuously flowing inert gas for removal of reaction by-

products and excess reactant molecules. 

 

For an “ideal ALD” under saturation conditions, a deposition cycle would 

result in the growth of a complete surface monolayer at the surface with 

thickness dmono as shown in Figure 2-1(c). However the repulsive interaction 
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between reactant molecules from steric factors restricts the surface reactions at 

the adjacent surface active sites. Hence only a partial monolayer growth per 

deposition cycle is obtained, even in the case of “near-ideal” AlMe3/H2O ALD 

of Al2O3 [12]. 

 

2.2.3. ALD process design 

ALD has a fundamental upper-limit of a monolayer deposition per cycle; 

however in practice the observed film growth is typically ~0.05-0.10 nm per 

cycle because of the partial monolayer growth. Moreover the utilization of 

chemical reactants in ALD surface reaction is rather poor, since only a fraction 

of the introduced reactant molecules reach the substrate and only fraction of 

these undergoes surface reaction depending upon their respective reactivity. 

Furthermore, at saturation the respective surface reaction terminates and any 

excess reactant species is pumped out of the reactor during inert gas purging. 

Hence an overall efficiency of ALD process depends upon (1) ALD reactor 

design; (2) selection of ALD reactants; and (3) ALD cycle optimization. 

 

2.2.3.1. ALD reactor design 

Reactor design is a crucial component of ALD process since it essentially 

governs the transport of reactant species from source to the substrate. Also 

only a part of the total reactant molecules introduced in the reactor arrive at 

the substrate, while the rest remains unutilized and are pumped out of the 

reactor along with reaction by-products during the following inert gas purge. 

This unutilized fraction of reactant molecules depends upon the reactor 

geometry and its volume. An ALD reactor with optimum volume not only 
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maximizes reactant utilization but also requires shorter inert gas purge to 

pump out surface reaction by-products. Additional features such as 

maintaining a plug-flow throughout the reactor and application of strategies 

for confining reactant flux close to the substrate region significantly improves 

the efficiency of reactant transport at the substrate and also prevents parasitic 

ALD reactions away from substrate. 

 

2.2.3.2. ALD reactants 

The chemical reactants for ALD could be broadly divided into metallic and 

non-metallic reactants, henceforth referred to as metal-precursors and 

reactants respectively [14]. The metal precursors are further classified as 

inorganic (non-carbon), organometallics (metal-carbon bond) and metal-

organics (no metal-carbon bonds). The non-metallic ALD reactants mainly 

consist of hydrides (NH3, H2O, etc.) or molecular species (N2, O2, O3, etc.). 

Selection of precursor-reactant combination for an ALD process is based upon 

their vapour pressure, relative reactivity and thermal stability. 

 

The halogen based ALD precursors are avoided due to corrosive/reactive 

nature of their reaction by-products. Also the contamination from halide 

inclusion adversely affects the film properties. The stable molecular reactants 

(O2, N2, NH3, H2, etc.) require high substrate temperature for acceptable ALD 

growth rates, thus preventing their application for deposition on temperature 

sensitive substrates. Use of molecular reactants with higher chemical reactivity 

(O3 [34–36]; N2H4 [37]) has been reported, however their application 

introduces additional constraints on ALD process design. 
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Plasma enhanced ALD (PEALD) involves application of plasma discharge to 

decompose molecular reactants into highly reactive components, such as 

electrons, ions, radicals, molecular fragments, etc., [38, 39]. PEALD thus 

enables the use of stable reactants for deposition at lower substrate 

temperatures compared to conventional ALD, henceforth referred to as 

thermal ALD [25, 40]. The reduction in the required substrate temperature 

permits ALD on thermally sensitive substrates and also application of 

precursors with low temperature for self-decomposition. Additional plasma 

parameters [41–43] provide further flexibility in PEALD process design and 

control over material properties of deposited films [22–24, 44–47]. Effect of 

pre- and post- deposition plasma treatment on the interface and the quality of 

ALD films has also been studied [48–50]. 

 

2.2.3.3. ALD cycle 

For a selected precursor/reactant combination, deposition cycle parameters 

such as the substrate temperature, dose of precursor/reactant molecules, inert 

gas purge durations are required to be optimized to attain self-limiting ALD 

growth. Plasma power and plasma gas composition are additional parameters 

to be optimized for PEALD. Dependence of ALD growth on these parameters 

is schematically presented in Figure 2-2. 
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Figure 2-2: (a) Non-linear growth initiation regime for substrate-enhanced 

and substrate-inhibited growth. (b) Temperature dependent film growth 

characteristics with temperature window for ALD and PEALD. (c), (d) shows 

the effect of precursor/reactant dose and inert gas purge on GPC. To 

compensate for possible disturbances during deposition the excess 

precursor/reactant dose and longer purge are used than minimum required for 

self-limiting ALD growth. 

 

A linear increase in film thickness with the number of deposition cycles is a 

characteristic of recurring surface reactions over each ALD cycle. In the 

growth initiation/nucleation stage, i.e. over first few deposition cycles, ALD 

reaction occurs on the bare substrate surface, while in the later-stages or 

steady-state these surface reactions takes place over the underlying ALD 

grown film. A change in the surface reaction kinetics from the initiation-stages 

to steady-stages of ALD is often observed as a transition from non-linear to 

linear growth regime [51]. The two extremes of the non-linear growth trends 

resulting from (i) substrate-enhanced growth and (ii) substrate-inhibited 

growth are shown in Figure 2-2(a) along with an ideal substrate- independent 

growth. For the steady-state linear-growth regime, the slope of film thickness 
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versus the number of ALD cycle is related to the amount of material deposited 

per cycle. This slope, termed as growth-per-cycle (GPC), is a useful parameter 

to evaluate ALD process. 

 

Substrate temperature (Tsub) is a critical ALD parameter that governs residence 

time for precursor/reactant molecules on the surface and reaction kinetics. It 

also provides a control over undesired/secondary reactions resulting from 

either condensation or decomposition of precursor/reactant species at the 

surface. In experimental determination of these film growth characteristics, an 

arbitrarily high dose of both precursor and reactant species is used to ensure 

that the surface reactions  are not limited by the supply of precursor/reactant 

molecules. Furthermore, arbitrarily long inert gas purges are utilized to ensure 

that the reaction by-products and any excess unreacted molecules are 

completely pumped out of the reactor without affecting the film growth. The 

temperature dependent film growth features are represented as type 1 – 5 in 

Figure 2-2(b) and discussed below: 

 

Low temperature range: Type-1 growth arises from the condensation of 

precursor/reactant at the substrate surface and is observed as a decrease in 

GPC with increasing Tsub. Type-2 is the characteristic of film growth limited 

by the activation energy for surface reaction, where higher Tsub favours the 

surface reaction resulting in higher GPC. 

 

High temperature range: Type-4 growth primarily results from the 

decomposition of precursor molecules at the substrate such that the deposition 
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is no longer controlled by the availability of surface reaction sites. An increase 

in GPC with Tsub for type-4 growth is because of the increased precursor 

decomposition at higher temperature, similar to a CVD. However the type-5 

growth results from the decrease in the residence time of precursor/reactant 

species at the substrate with Tsub. The limited surface reactions because of the 

shorter residence time at higher Tsub results in lower GPC. 

 

Intermediate temperature range: Type-3 growth represents surface reaction 

controlled self-limiting ALD film growth and this temperature range is termed 

the "ALD temperature-window". Most often the upper-limit of this 

temperature window is determined by the decomposition temperature for 

metal precursor, while the lower-limit is governed by the slowest of the ALD 

partial reactions (often involving stable molecular reactants). Plasma 

activation of reactants in PEALD extends the ALD temperature window by 

decreasing this lower-limit, as shown by type-2(i). 

 

Although within the permissible temperature range the GPC for ALD is often 

considered to be independent of Tsub, weak temperature dependence leading to 

type-3(i) or type-3(ii) growth has also been reported [12]. For deposition of 

multi-component structures such as ternary or quaternary compounds, 

multilayered film structures, etc., it is essential that there exists a significant 

overlap of the ALD temperature windows of each component. 

 

In order to attain self-limiting growth conditions in the ALD temperature 

window, a minimum dose of precursor/reactant molecules is necessary such 
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that all of the available surface reaction sites are consumed during the 

respective partial reactions. Any excess dose beyond the minimum for surface 

saturation does not affect GPC as shown in Figure 2-2(c). In order to 

compensate for any disturbance in the delivery of precursor/reactant pulses or 

any other conditions during deposition process, higher doses than the 

minimum are generally used. A non-steady value of GPC with increasing 

dosage suggests that either the self-limiting condition has not been met or 

possibility of a non-ALD type growth and calls for adjustments in other 

process parameters. For example as shown in Figure 2-2(c), the type-(i) 

growth indicates either condensation or decomposition of precursor/reactant 

species while the type-(ii) growth is typical etching related phenomenon. An 

initial decrease in GPC followed by a steady value with respect to reactant 

exposures indicates either incomplete removal of ligands on precursor at low 

reactant dose [52] or the amorphous-to-polycrystalline phase transformation 

with increased reactant dose [22]. 

 

A minimum inert gas purge is essential to ensure complete removal of the 

surface reaction by-products along with excess of precursor/reactant molecules 

from the reactor between consecutive ALD partial reactions as shown in 

Figure 2-2(d). This minimum purge depends upon the volatility of reaction 

by-products and the reactor volume. Higher GPC for purge lengths shorter 

than this minimum is due to inclusion of the ALD reaction by-products and/or 

gas-phase reaction products into the growing film. For ALD 

precursor/reactants with short residence time within reactor and highly volatile 

reaction by-products, the following purge step could be completely eliminated 
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[42]. To compensate for any disturbance during deposition process inert gas 

purges are maintained at longer than the minimum duration. 

 

2.3. In-situ characterization in ALD 

ALD growth has been extensively studied using thin film characterization 

techniques such as electron microscopy, x-ray techniques, optical 

spectroscopy, IR spectrometry, Rutherford backscattering (RBS), electrical 

measurements, etc., [53–58]. A great amount of effort has been spent towards 

the development of fundamental understanding of ALD growth mechanisms. 

As the overall deposition proceeds in discrete steps of self-terminating 

saturated partial reactions, ALD provides an excellent opportunity for detailed 

study of surface reaction and growth mechanisms with in-situ characterization 

techniques such as quartz-crystal microbalance (QCM), quadruple mass 

spectrometry (QMS), spectroscopic ellipsometry (SE), etc. [59–63]. These in-

situ studies would have a major role in the development and validation of 

theoretical ALD growth models [51,64–69]. Moreover, real-time control and 

optimization of ALD process using in-situ diagnostics have also been reported 

[70–74].  

 

2.4. ALD of zirconium nitride (ZrN) 

2.4.1. Zirconium nitride: Properties and applications 

Zirconium nitride (ZrN), a Group IV transition metal nitride, is a refractory 

material with a golden yellow color appearance, a melting point of 2980 ⁰C 

and Vickers hardness of 15.0 GPa [75]. It has a f.c.c. B1 structure (NaCl - 

type) with a lattice constant of 0.4567 nm where Zr forms the f.c.c. lattice and 
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N occupies the octahedral sites. Although near-stoichiometric nitride, ZrN 

(N:Zr ≈ 1) is the most stable phase under ambient conditions, N-rich 

metastable phases with 1.06 ≤ N:Zr ≤ 1.33 resulting from Zr-vacancies have 

also been reported [76]. The stoichiometry dependent transition from metallic 

(ZrN, electrical resistivity ~13.6 μΩ-cm) to transparent insulating (Zr3N4, band 

gap of ~ 2.2 eV) phase has been subject of several theoretical [77–82] and 

experimental [83–87] studies. 

 

The low electrical resistivity and high melting temperature of ZrN makes it a 

promising material for applications in semiconductor device fabrication such 

as a diffusion barrier for Cu interconnects [88–91], advanced 3D-ICs [92], as a 

gate and source-drain contact for III-V semiconductor MOSFET’s [93,94] and 

as a metal contact in trench capacitors for high density memory [95]. Other 

applications of ZrN films includes wear resistant coatings [96–98]; optical 

coatings [99,100], functional multilayer structures [101], high temperature 

superconductors [102], thermoelectrics [103,104], etc. 

 

2.4.2. ZrN film by ALD 

Modulation of ZrN stoichiometry between the metallic (ZrN ) and insulating 

(Zr3N4) phase has been demonstrated using PVD techniques such as reactive 

sputtering, ion beam assisted deposition, etc., by controlling deposition 

parameters [105–113]. ZrN CVD films at low temperatures predominantly 

consisted of the Zr3N4 phase [114–118]. The lowest electrical resistivity of 

1100 µΩ-cm was reported for plasma CVD of ZrN at 400 °C with an electrical 

bias [117]. Thermal ALD of ZrN films with NH3 as the N-source primarily 
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resulted in deposition of the insulating phase [119]. PEALD of low resistivity 

ZrN films using N2 plasma at 300 °C have been presented in [88], however the 

reported resistivity was measured for ZrN films deposited on Si without an 

insulating layer. ALD studies of ZrN films are limited [88,119,120] and the 

factors affecting the growth of the metallic or insulating phase are not well 

understood. Semiconductor device applications such as Cu-diffusion barrier 

and metal contacts for high density memories would require controlled 

deposition of conducting ZrN films within high aspect-ratio features. This is 

the primary motivation, which justifies study of ZrN PEALD process.  
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3. Experimental Procedure and Characterization 

Techniques 

 

   

3.1. Introduction 

This chapter describes the experimental procedure followed for the deposition 

of ZrN PEALD films. The salient features of the ALD 150-LX deposition 

system are discussed followed by the substrate preparation, pre-deposition 

treatment and film deposition steps. The analytical techniques used to 

characterize growth and material properties of the ZrN PEALD films are 

discussed in the later part of this chapter. 

 

3.2. ALD 150-LX reactor 

Film depositions were performed in a fully automated, lab-scale continuous 

flow cylindrical reactor ALD-150 LX (Kurt J. Lesker Inc.) as schematically 

shown in Figure 3-1, with capability to simultaneously accommodate up to 4 

different metal precursors along with a H2O source and a reactant gas. A 

continuous plugged-flow of inert gas is maintained in the reactor during 

deposition to facilitate transport of introduced precursor/reactant species 

towards the substrate. An additional inert gas flow is used to create a 

curtain/barrier layer to confine precursor/reactant flux close to substrate and 

prevent parasitic depositions on reactor side-walls. The delivery lines are 

provided with a steady flow of inert gas that acts as a carrier for 

precursor/reactant molecules and also prevents any material build up within  
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Figure 3-1: Schematic of ALD-150 LX reactor (Kurt J. Lesker Inc.) design 

showing precursor delivery lines, ICP plasma source, substrate holder and 

optical ports for in-situ characterization 

 

the lines. Total inert gas flow (~0.4 Torr in idle-state and ~1 Torr during ALD) 

within the chamber is regulated by electronic mass flow controllers (MKS 

Instruments). To avoid material condensation within the delivery lines and/or 

on the inside walls of the reactor, these are kept at higher temperatures (~100-

150 °C). 

 

A precise dose of precursor/reactant molecules is pulsed into the carrier gas 

using electronically-controlled 3-port ALD diaphragm valves (Swagelok) that 

are maintained at higher temperatures to avoid precursor condensation within 
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the valves. For ALD precursors with low vapour pressure, the precursor 

ampoules are provided with external heating.   

 

The substrate stage could be electrically heated from room-temperature (RT) 

up to 500 °C following a substrate temperature calibration factor. The 

deposition system is also provided with remote inductively coupled plasma 

(ICP) source located immediately above the substrate. This remote-ICP source 

consists of hollow Cu electrode wound around the quartz tube and powered by 

radio frequency (RF) power source in combination with a matching network. 

The reactant gas is introduced into the reactor through the quartz tube. During 

the plasma pulse the confined ICP glow within the quartz tube ionizes the 

reactant gas molecules into active plasma species for PEALD surface reaction. 

 

The temperatures for precursor ampoule, ALD valve, delivery lines, reactor 

walls and the substrate are precisely controlled with an electronic PID 

temperature controller. The reactor chamber is provided with 2 optical 

ports/windows that are maintained clean by continuous inert gas purging. 

These optical ports are beneficial for real-time in-situ process characterization 

using techniques such as spectroscopic ellipsometry (SE) and optical emission 

spectroscopy (OES) as described later in this chapter. 

 

3.3. Experimental Procedures 

PEALD zirconium nitride (ZrN) films were grown using tetrakis-

dimethylamido zirconium (TDMAZr) precursor (Sigma Aldrich) and forming 

gas (5% H2: 95% N2 from Praxair) reactant plasma on p-type Si (111) with 
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native SiO2 layer and thermal SiO2 substrates. The steps for the substrate 

preparation and film deposition are described in following subsections. 

 

3.3.1. Substrate Preparation 

Si (111) and thermal SiO2 substrates were diced from 4-inch diameter wafers 

using precision silicon dicing saw (Disco DAD 321) with a cut width of ~50 

µm. The diced substrates were cleaned in Piranha solution (a mixture of 

concentrated H2SO4 and H2O2 3:1 by volume) for 15 minutes to remove any 

trace organic contamination from the substrates, and securely stored in air-

tight containers and used for deposition without further HF treatment. 

 

3.3.2. Substrate transfer IN/OUT of reactor 

A load-lock (LL) system is used to transfer substrates in and out of the ALD 

reactor without directly exposing the reactor to the ambient. After loading the 

substrate holder into the LL, it is pumped from atmospheric pressure down to 

0.15 torr using a dry roughing pump (Edwards Inc.) and further down to high 

vacuum (<10
-5

 torr) using a turbomolecular pump backed with dry roughing 

pump. Before transferring substrate from LL under high vacuum into the ALD 

reactor (~ 0.4 Torr), the pressure difference is neutralized by purging LL with 

high purity N2 gas. At pressure equilibrium, the transfer-gate valve between 

LL and the reactor is opened and the robotic arm extends to transfer substrate 

holder into the reactor.  When inside the reactor the substrate holder is raised 

from the robotic arm using PIN-LIFT-UP function and the arm retracts back 

into the LL. The substrate holder is then placed on the substrate-stage in the 
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reactor with PIN-LIFT-DOWN function followed by the closing of transfer-

gate valve and pumping LL back to high vacuum. 

 

3.3.3. PEALD of ZrN 

After transferring substrate holder into the ALD reactor, the inert gas flow 

(IGF) within the reactor is set to facilitate delivery of TDMAZr and forming 

gas to the substrate with the total pressure of ~1 Torr. The substrate 

temperature, plasma power and plasma gas composition is set to desired 

values followed by defining the pulsing sequence for the deposition cycle. 

 

Before beginning PEALD, the substrate surface was conditioned with 30 s 

exposure of reactant gas plasma to facilitate desorption of loosely bound 

surface contaminant and condition the substrate for deposition. ZrN PEALD 

films were grown for a set number of deposition cycles and after deposition 

the substrate holder is transferred from ALD chamber back into LL following 

similar steps as described in Section 3.3.2. The substrate is allowed to cool 

down for ~15-20 minutes; before venting the LL to atmospheric pressure for 

substrate removal. 

 

3.4. Characterization Techniques 

The ALD growth and material properties for the ZrN PEALD films were 

characterized with thin film characterization techniques listed in Table 3-1. 

Optimum process parameters for self-limiting ALD growth were identified 

from the iSE data. X-ray reflectivity (XRR) was used as an alternative 

technique to compliment SE data analysis. The chemical bonding within the 
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deposited films and the electronic structure near Fermi energy (EF) was 

studied from binding energy (BE) and valence band (VB) features of x-ray 

photoelectron spectroscopy (XPS). Electrical resistivity of ZrN films deposited 

on SiO2 substrates was determined from the Van der Pauw sheet resistance 

measurement. Optical emission spectroscopy (OES) technique was used to 

study the active plasma species in ICP glow. 

Table 3-1: Characterization techniques used to evaluate ALD films 

Technique 
Properties of ALD films 

Optical Structural Chemical Electronic 

i-SE N = n - i·k 

Thickness (d), 

Interfacial 

roughness 

- ε = ε1 - i·ε2 

XRR - 

Thickness (d), 

Interfacial 

roughness, 

Electron density 

(ρ
el
) 

unit cell  

scattering 

factor (f) 

- 

XPS - - 

Chemical 

bonding, 

atomic 

concentrations 

DOS at EFermi 

Van der 

Pauw  
- - - 

Sheet 

resistance 

(Rs) 

OES - - 
ICP plasma 

species 
- 

 

3.4.1. In-situ spectroscopic ellipsometry (iSE) 

Spectroscopic ellipsometry (SE), introduced by Drude [1–3], is a powerful 

surface sensitive optical technique widely applied in thin film characterization 

to simultaneously determine its thickness and dielectric function [4–7]. In SE a 

well-defined polarized light is incident on the sample surface and the 

polarization of light upon specular reflection is determined for sample 

characterization. Since only the reflected light from the sample surface is 
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analyzed, the SE technique is well suited for in-situ characterization. With the 

advent of automated systems enabling fast acquisition of high-precision data 

[8–10], in-situ SE (iSE) is being increasingly adapted as a real-time diagnostic 

technique in moderate vacuum processes such as CVD, RIE, ALD, etc., [11–

18]. 

 

Ellipsometry measurements consist of the determination of a parameter ρ, 

which is a ratio of complex reflection coefficients, p s in terms of the 

amplitude A and phase angle δ for the p- and s- polarized incident light given 

by: 

  
 
 

 
 

 exp δ  exp δ
 

 exp δ  exp δ

p p s sp
re re re re

s p p s s

in in in in

A i A iR

R A i A i
     (3.1) 

For a linearly polarized incident light with equal p- and s- components (i.e. 

45° polarization),  ,δ δp s p s

in in in inA A   where Eq. (3.1)  simplifies to: 

      exp    
p

p sre
re res

re

A
i

A
      (3.2) 

The SE parameter ρ is often represented as
Δ tan   ie  , where

 tan p s

re reA A  is the amplitude ratio and Δ p s

re re    is the phase 

difference. For a multilayered film structure, ρ is a function of thickness (d) 

and dielectric constant 1 2i      (or refractive index N n i k   with

2N  ) of every layer. The complex reflection coefficient ,p sR from a 

multilayered structure of n layers labeled as 0, 1, 2, 3... (n-1), n where 0 is the 

vacuum and n is the substrate, is given by: 
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The , 1

p

i ir  and , 1

s

i ir  are the reflection coefficients for p- and s- polarized light at 

the interface between the i
th

 and (i+1)
th

 layer, given by Fresnel’s equations: 

 
   

   
1 1

, 1

1 1

cos cos
 

cos cos

i i i ip

i i

i i i i

N N
r

N N

 

 

 



 





  (3.4) 

 
   

   
1 1

, 1

1 1

cos cos
 

cos cos

i i i is

i i

i i i i

N N
r

N N

 

 

 



 





  (3.5) 

 

  4 cosi i i id N    , is the phase difference introduced from light 

propagation through the i
th

 layer of thickness di ; iN is the complex refractive 

index of the i
th

 layer; θi is the incidence angle as light propagates from the i
th

 

to the  (i+1)
th

  layer following Snell’s law,    0 0sin   sini iN N  . Interfacial 

features such as surface roughness or diffused interfaces within multilayered 

structures are included as additional layers with equivalent thickness and 

effective dielectric constant. 

 

For a multi-layered structure with known thicknesses and dielectric constants 

for every layer, the theoretical SE parameters (Ψ, Δ) can be calculated from 

Eq. (3.3) – Eq. (3.5). However the thickness and/or dielectric function of a 

thin film layer cannot be obtained from the measured (Ψ, Δ)
exp

 data by 

analytical inversion, but requires numerical methods [5,19,20] or model based 

analysis [21,22]. 
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In the model based approach, the unknown dielectric function is expressed in 

a parameterized form with a reduced number of unknowns, with physical 

dispersion models like the Drude free electron dispersion, Lorentz oscillators, 

Harmonic oscillators, etc., or empirical dispersion models such as Cauchy, 

Sellmeier, etc. With an initial estimate of film thickness and dispersion 

parameters, the calculated/modeled SE data (Ψ, Δ)
mod

 is compared with the 

experimental data (Ψ, Δ)
exp

 using an error-function [23]. The thickness and 

dielectric function parameters within the modeled data are treated as fitting 

variables and are determined from non-linear regression routines [24] aimed 

towards minimizing this error-function, giving best-fit between (Ψ, Δ)
mod

 and 

(Ψ, Δ)
exp

. 

 

The real-time or dynamic iSE (d-iSE) measurements on ALD grown films 

were taken in a polarizer – rotating compensator – sample – analyzer (PCRSA) 

configuration of M2000DI spectroscopic ellipsometer (J. A. Woollam), over 

the spectral range of 0.73-6.40 eV (712 wavelengths). The hardware 

configuration of M2000-DI is schematically shown in Figure 3-2, where the 

polarized light is incident at a fixed angle of ~70° from the substrate normal. 

The acquisition time for d-iSE measurements was selected to obtain high 

signal-to-noise ratio by averaging multiple measurements (~50-100 at rate of 

~50 milliseconds per measurements). Also to minimize errors induced by 

minor misalignment or imperfections within the instrument, a two-zone 

measurement scheme was employed where the each d-iSE dataset is obtained 

from the two measurements made at +45° and -45° analyzer position [22].  
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Figure 3-2: In-situ SE for real-time ALD growth studies: (a) Schematics of 

SE configuration on ALD 150LX reactor (adapted from operation manual, K. 

J. Lesker); (b) Principle of SE measurement (c) example of SE parameters (Ψ, 

Δ) measured on native-SiO2/Si surface. 

 

The model based analysis of measured d-iSE data was performed with 

CompleteEASE software package (ver. 4.48, J. A. Woollam). 

 

3.4.2. X-ray reflectivity (XRR) 

In principle x-ray reflectivity (XRR) is similar to the ellipsometry technique, 

since the measured reflected x-ray intensity from multilayered structure 

follows Eq. (3.3), except that the incident x-rays are non-polarized and their 

refractive index is expressed as 1n i    with
2

2
e er


 


  and

4
x


 


 , 

where re is the electron radius, ρe is the average electron density and μx is the 

x-ray absorption length [25,26]. XRR data analysis also uses a model based 
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approach treating the layer thickness and electron density as fitting 

parameters. 

 

XRR measurements on ZrN PEALD films were performed using a Rigaku 

Ultima-IV multipurpose x-ray diffraction system, with a multilayer mirror for 

the incident monochromator [27]. Thickness and density of the ALD films 

were determined from analysis of the measured data using a GenX software 

package [28]. 

 

3.4.3. X-ray photoelectron spectroscopy (XPS) 

In x-ray photoelectron spectroscopy the sample surface is exposed to a 

monochromatic x-ray beam and the intensity of the ejected photoelectrons 

(from ~ 10 nm sample depth limited by the photoelectron escape depth) is 

detected as a function of their kinetic energy (KE) with an electron energy 

analyzer. The binding energy (BE) of these photoelectrons is determined by

( )BE h KE    , where hν is the energy of the incident x-ray photon and ϕ 

is the detector work function. The BE for XPS features are a characteristic of 

specific electron transitions of a specific element and hence can identify the 

elements present in the sample. The surface atomic concentration is 

proportional to the integrated intensity of XPS features scaled by its Scofield’s 

relative sensitivity factor (R.S.F.). Depending upon the local chemical 

environment, bonding and electronic state, the XPS spectrum is observed to 

undergo a chemical-shift in BE. The near Fermi level (EF or at BE=0) features 

of XPS spectra, represents the valence band (VB) electronic density-of-states 

(DOS). 
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XPS measurements were performed using an Axis Ultra Spectrometer (Kratos 

Analytical) primarily to study chemical bonding and level of contamination 

within ZrN PEALD films. VB XPS spectra were also measured to determine 

the electronic DOS at the Fermi level. 

 

3.4.4. Van der Pauw sheet resistance 

The sheet resistance (RS) of ZrN PEALD films deposited on thermal SiO2 

substrates was determined from Van der Pauw measurements using a Keithley 

2400 source meter as a current source and a Tektronix DMM4050 digital 

multimeter as a voltammeter as shown schematically shown in Figure 3-3.  

 

Figure 3-3: Sheet resistance (Rs) from Van der Pauw configuration. 

 

With the soldered indium alloy contacts, the horizontal (RH) and vertical (RV) 

resistance was determined from the slope of measured voltages at different 

source-current values. To account for any systematic errors, measurements 

were made in reciprocal configuration and with reversed polarities: 

 , , , ,  4H AB CD BA DC CD AB DC BAR R R R R  
 

 , , , ,  4V BC DA CB AD DA BC AD CBR R R R R    
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The sheet resistance (RS) was calculated using relation, 1H S V SR R R R
e e

  
 

and the electrical resistivity was obtained from the product of RS and film 

thickness. 

 

3.4.5. Optical emission spectroscopy (OES) 

Optical emission from the PEALD plasma, as shown in Figure 3-4, was 

studied to identify active plasma species. The optical emission was collected 

through an optical port on ALD reactor using a collimating lens and analyzed 

using USB2000 Spectrometer (Ocean Optics) with spectral range of 200-850 

nm with resolution of 0.4 nm. The plasma emission features were identified by 

comparison with NIST Atomic Spectral Database [29] and other literature 

sources [30–35].  

 

Figure 3-4: (a) Optical emission from 600 Watt (60 sccm forming gas + 100 

sccm Argon) reactant plasma before and after TDMAZr pulse. Ar plasma is 

also shown for reference. (b) Additional features in 384.23-389.33 nm range 

corresponding to CN emissions were observed in the post-TDMAZr plasma 

pulse. (c) H-α emission at 656.5 nm shows the presence of atomic H in 

reactant plasma. For clarity the emission features are shifted along intensity 

axis. 
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4. Dynamic in-situ SE study of ALD growth 

initiation

 

 

4.1. Introduction 

ALD has been conventionally applied in microelectronic fabrication for 

deposition of compound thin films [1–3]. Recently, atomic scale control in 

ALD is being increasingly utilized in the fabrication of low-dimensional 

structures and nanodevices [4,5]. Numerous ALD studies, as reviewed in [6–

11], have shown that GPC (nm/cycle) for ALD film is often less than the 

monolayer thickness. Substrate dependent non-linear growth has also been 

observed in the early stages of ALD growth [12]. Real-time in-situ techniques 

such as QCM, QMS, d-iSE, OES, etc., have been found to be extremely useful 

to study ALD growth process [13–18]. 

 

This chapter covers application of the d-iSE technique to the study of the early 

stages of ZrN PEALD growth. The raw ellipsometry data is interpreted as a 

combined effect of partial surface monolayer film growth and changing 

surface chemistry during the ALD cycle. Bruggeman’s effective medium 

approximation (B-EMA) is applied to construct an optical model representing 

a partially covered ALD surface monolayer. The measured d-iSE data in the 

                                                 


 A version of this chapter has been submitted to the Journal of Applied 
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early stages of ZrN growth is analyzed on the basis of diffusive ALD film 

growth [19], where the precursor molecules can undergo surface diffusion to 

reach the most thermodynamically favourable reaction sites. 

 

4.2. ZrN growth and d-iSE acquisition 

ZrN PEALD films were deposited on p-type Si (111) substrates in an ALD 

150LX reactor with tetrakis-dimethylamido-zirconium (TDMAZr) and 

forming gas (H2:N2) plasma using cycle 0.12s TDMAZr/ 15s Ar/15s plasma 

(600 W)/15s Ar purge at substrate temperature of 150 °C. The substrate 

temperature for ZrN deposition was within the ALD temperature window as 

will be shown in Chapter 5. The Zr precursor pulse and plasma exposures 

were kept slightly higher than required for self-limiting growth to ensure that 

the ALD surface reactions attain saturation. Inert gas purges separating 

precursor and plasma exposure steps were kept sufficiently long to allow 

complete removal of reaction by-products and also to permit multiple d-iSE 

measurements.  

 

Since the surface chemistry changes continuously during precursor and plasma 

ALD reaction at the substrate, it was essential to use short acquisition times 

for d-iSE measurements. The d-iSE data reported here was average from 

multiple SE measurements collected over acquisition time of 1.5 s (total of 

~3.0 s with two-zone measurement) to reduce signal noise in the acquired 

data. 
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4.3. ALD growth modes 

Although the term ALD suggests a complete monolayer deposition per cycle, 

experimental results have shown that even for otherwise “near-ideal” 

AlMe3/H2O process, the steric hindrance from precursor molecules restricts 

deposition to a partial monolayer over an individual deposition cycle [7]. 

 

Depending upon the availability, distribution and selectivity of the surface 

reaction sites, the modes of ALD growth could be classified into (1) layer-by-

layer (Frank-van der Merwe growth) (2) random deposition (RD) and (3) 

island growth (Volmer-Weber growth) [12,20–23]. For evenly distributed 

reaction sites, repulsive interaction between precursor molecules (steric 

factors) results in a uniform precursor adsorption over substrate surface. A 

preferential adsorbate-substrate interaction favors a layer-by-layer growth, 

while random deposition occurs when the adsorbate-adsorbate interaction is 

equally probable as the adsorbate-substrate interaction. In case of non-uniform 

or a localized distribution of reaction sites, an island-growth is observed [22].  

 

The random deposition mode of ALD growth assumes negligible surface 

mobility of surface adsorbed species such that they readily react at the surface 

without diffusing into neighboring energetically more favorable sites [21]. 

However in a realistic case, the adsorbed species are sufficiently mobile to 

undergo surface diffusion. In presence of ample reaction sites, such surface 

diffusion enhanced mode of ALD growth would be an intermediate between 

an ideal layer-by-layer and random deposition. A theoretical description of 

such a diffusive mode of film growth has been reported in [19]. 
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4.4. Bruggeman’s EMA to model sub monolayer ALD growth 

The earliest work on the application of ellipsometry to sub-monolayer 

adsorption studies of molecular gases on clean substrates can be found in [24–

28] that demonstrates coverage (θ) dependence of the measured ellipsometry 

parameters (Ψ, Δ). The analysis of the (Ψ, Δ), as presented in [28], treats the 

surface monolayer with coverage θ as a composite system consisting of the 

adsorbed species and voids with volume fractions θ and (1- θ) respectively, 

with its dielectric function given by an effective medium approximation as 

described in [29–31]. It was shown that with EMA representation, coverage of 

the partial surface monolayer could be reliably extracted from analysis of 

measured SE data. Based on these studies, the dielectric function of partial 

ALD surface monolayer was represented with Bruggeman’s EMA (B-EMA) 

layer as schematically shown in Figure 4-1. 

 

 

Figure 4-1: Partial ALD surface layer with coverage θ and thickness dsurface in 

(a) is represented with B-EMA layer of effective dielectric function εEMA and 

thickness dsurface in (b). 

 

In the B-EMA equation Eq. (4.1), εALD and εvoid are the dielectric constants for 

the ALD film and the voids with volume fractions θ and (1- θ), respectively, 

while the effective dielectric constants for the partial ALD layer is εθ. The 
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screening parameter L (0 ≤ L ≤ 1) depends upon the geometrical shape and 

configuration of ALD clusters in the partial surface layer. Surface coverage of 

the ALD partial layer is determined by treating θ as an additional fitting 

parameter in SE data analysis. 

 
 

 
 

1 0
1 1

ALD void

ALD voidL L L L

 

 

   
 

   

 
  

   
  (4.1) 

 

Other theories describing θ dependent optical constants can be found in [32–

34]. An alternate approach considering coherent superposition of reflected 

light from a partial monolayer can be found in [35,36].  

 

4.5. Results and discussion 

4.5.1. Interpretation of measured d-iSE data 

The d-iSE parameters (Ψ, Δ) in the early stages of ZrN PEALD growth are 

shown in Figure 4-2 along with the precursor pulse and plasma exposure 

sequence. Although d-iSE parameters were measured over entire spectral 

range of the M2000DI (712 data points in range of 0.73 – 6.4 eV), the 

parameters measured at 4.0 eV are only shown for clarity. Variation in the 

measured (Ψ, Δ) follows the changing surface chemistry at the growing film 

interface with every precursor and plasma ALD half-reactions. Since Δ is 

known to be more sensitive to the surface conditions than Ψ [37], variation in 

Δ (δΔ) are more noticeable than in Ψ (δΨ ). 
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Figure 4-2: The d-iSE parameters (Δ, Ψ) at 4.0 eV measured in the early 

stages of ZrN PEALD growth. ALD pulse A dna B denotes the TDMAZr 

pulse and forming gas plasma exposure respectively.  

 

At the end of n
th

 ZrN PEALD cycle in an optimized process, the substrate 

surface is composed of partial ZrN layer, θ
ZrN

 + θ
void

. In the following 

precursor pulse A, surface adsorption/reaction of TDMAZr molecules changes 

this surface composition to θ
ZrN

 + (θ- δθ)
void 

+ δθ
TDMAZr

, resulting in a decrease 

in Δ (δΔ < 0). With the onset of plasma exposures B, the active plasma species 

reacts with the surface TDMAZr molecules changing the surface composition 

to (θ + δθ)
ZrN

 +(θ- δθ)
void

 , along with an increase in Δ (δΔ > 0). During Ar 

purge the surface composition does not undergo any change, and hence, in the 

absence of precursor or plasma pulses a steady state value is observed in the 

measured Δ. Since SE measurements are sensitive to both surface chemistry as 

well as incremental ALD growth δθ
ZrN

, only the steady state parameters (Ψ, Δ) 

measured after plasma exposures should be analyzed to evaluate ALD film 

growth unlike the analysis presented in [38]. 
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4.5.2. ZrN PEALD film properties 

Thin film dielectric constants differ significantly from their bulk values 

because of the finite size effects [39–41], hence the dielectric function of ZrN 

PEALD films was determined from analysis of iSE parameters. As a first 

approximation, in this analysis the thicker ZrN PEALD film was assumed to 

be smooth with sharp interfaces. The ZrN film/substrate was modelled as a 3-

layered stack as shown in Figure 4-1(a), with its dielectric function expressed 

with Drude-Lorentz oscillators [42, 43] given by Eq. (4.2): 

 
 

2 22

2 2 2
1Γ Γ

p n

nr n n

E S

E i E E E i E
 



  
  

   (4.2) 

Ep and Γr are the plasma energy and relaxation energy for the free electron 

absorption expressed by the Drude term. The bound charge contribution to the 

dielectric function is represented by the strength (Sn), broadening (Γn) and 

center energy (En) for n
th

 Lorentz oscillator. The constant ε∞ is to account for 

optical excitations not included in Eq. (4.2). 

The thickness of the native SiO2 layer was determined from the iSE 

measurements on bare Si substrates prior to ALD deposition. For a 60 cycle 

ZrN PEALD, the iSE data analysis revealed film thickness of 5.71±0.01 nm 

with the dielectric function consisting of two Lorentz oscillators centered at 

4.93±0.10 eV and 6.88±0.10 eV, respectively, as shown in Figure 4-3. 
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Figure 4-3: Imaginary part (ε2) of the dielectric function for 5.71±0.01 nm 

thick ZrN PEALD film as determined from iSE data. The Drude (D) and 

Lorentz (L1 and L2) components are also shown. 

 

 

Alternate optical models including roughness at the growing film surface, 

when applied to iSE data analysis, gave the optical roughness of ~ 0.02 nm 

without significant improvement in SE data fitting or variation in the film 

dielectric constant. This validates our first approximation where the surface of 

thicker ZrN PEALD film was assumed to be smooth. 

XPS measurements (shown in Chapter 5) on thicker ZrN films, deposited 

under identical conditions, showed excess N (corresponding to stoichiometry 

ZrN1.16) along with presence of O and C contamination. 

 

4.5.3. Initial stages of ZrN PEALD growth 

Skipping the HF last treatment on Si substrates ensures that there are ample 

reaction sites, surface –OH groups from the native SiO2 layer, available for 

ZrN PEALD growth initiation. These evenly distributed surface –OH groups 

and steric hindrance from the TDMAZr molecules would result in a uniform 

adsorption of precursor molecules in the first precursor half-reaction of ALD. 

Also with the sufficient surface mobility of adsorbed TDMAZr molecules 
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(melting point ~ 75 °C) at substrate temperature of 150 °C, the PEALD 

growth is inclined towards the diffusive mode of film growth, an intermediate 

mode between ideal layer–by–layer and random deposition, as discussed 

earlier in Section 4.3. 

 

For the surface diffusion enhanced growth during the early stages of ZrN 

PEALD, the optical model as shown in Figure 4-1(a) in the analysis of d-iSE 

data could be greatly simplified in terms of ZrN surface monolayer thickness 

(d
m
). In this diffusive growth regime, the ALD film is modelled as (i) partial 

surface layer with coverage θ and thickness d
m
 and (ii) underlying ALD film 

with thickness equal to n·d
m
, where n is the number of complete ALD 

monolayers. The adsorbed precursor molecules would mimic and translate the 

atomic arrangement of substrate surface over growth of first few monolayers. 

Hence the d
m
 of 0.27 nm was obtained from interplanar spacing between ZrN 

(111) planes for the first monolayer deposition on Si (111). An alternate 

approach to define ALD monolayer thickness has been proposed in [20,21]. 

 

The d-iSE parameter Δ measured at 4.0 eV during ZrN PEALD, shown in 

Figure 4-4(a), suggests that TDMAZr molecules are readily adsorbed on bare 

Si (111) substrates from the very first deposition cycle. This non-inhibited 

ALD growth initiation is attributed to the ample reactive sites (surface –OH 

groups) on the surface of the native SiO2 layer. As shown in Figure 4-1(b), 

the partial ZrN PEALD surface monolayer with thickness d
m
 = 0.27 nm and 

coverage θ is modeled as a B-EMA layer with the ZrN dielectric function as 

shown in Figure 4-3 and L=0 in Eq. (4.1). The fractional coverage of the  
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Figure 4-4: (a) d-iSE parameter Δ measured at 4.0 eV in the early stages of 

ZrN PEALD on Si(111) substrate; (b) determined ZrN surface monolayer 

coverage against deposition cycle for first 6 monolayer growth. This ALD film 

coverage is determined from the analysis of d-iSE data using B-EMA 

approximation in diffusive growth regime. Solid lines are guide to the eye. 

 

ZrN PEALD surface monolayer is determined from d-iSE data analysis by 

treating it as a fitting parameter. The thickness of underlying ALD film (d2), 

starting from zero thickness for first deposition cycle, is incremented in steps 

of d
m
 as the surface monolayer coverage approaches completion (θ→1). The 

calculated ZrN PEALD surface coverage is shown in Figure 4-4(b) 

demonstrates substrate-accelerated growth for first 2 monolayers, while steady 

state ALD growth is attained from the 3
rd

 monolayer onwards. At the end of 

18 deposition cycles, the thickness of the ZrN film was determined to be 1.58 

nm, consistent with the growth of ~6 monolayers. 
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4.6. Summary 

In conclusion, a physical interpretation of the d-iSE data measured during ZrN 

PEALD is presented here along with application of B-EMA in the analysis of 

d-iSE data to account for partial monolayer ALD growth. With availability of 

ample surface –OH reaction sites on the native SiO2 layer of the Si substrate 

and sufficient mobility for TDMAZr molecules at 150 °C substrate 

temperature, the ZrN PEALD is expected to follow the surface diffusion 

enhanced mode of film growth. In this diffusive growth regime, the coverage 

of the ZrN PEALD surface monolayer is determined after every deposition 

cycle from d-iSE data. The calculated surface coverage for ZrN PEALD 

demonstrates substrate accelerated growth for the first 2 monolayer deposition 

followed by a steady state growth regime from 3
rd

 monolayer onwards. The d-

iSE data analysis of ZrN PEALD presented in this chapter can be applied to 

other ALD processes with the modifications to optical model to represent the 

appropriate mode of film growth. 
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5. Plasma ALD of conducting ZrN thin films
*
 

 

 

5.1. Introduction 

Transition metal nitrides such as TiN, TaN*, WN*, HfN*, ZrN*, etc., (* 

denotes variable stoichiometry) are interesting materials with potential 

applications in semiconductor device fabrication because of their low 

electrical resistivity, high melting point and high thermal stability [1–6]. 

Surface reactions for deposition of these metal nitride have been reviewed in 

[7,8]. 

 

This chapter describes process optimization ZrN PEALD using TDMAZr and 

forming gas (H2:N2) reactant plasma to attain self-limiting growth. An 

experimental design scheme based on ALD surface reactions at saturation is 

presented for ALD cycle optimization with reduced number of experiments. 

The observed ZrN growth characteristics with respect to substrate temperature 

and ALD cycle parameters (precursor/reactant dose and inert gas purge) and 

their material properties are compared to the reported data in the literature. 

 

5.2. Experimental Procedure 

ZrN plasma ALD films were deposited on piranha cleaned p-type Si (111) and 

thermal SiO2 (>500 nm thickness on Si) substrates in a continuous flow ALD 

                                                 

*
 A version of this chapter will been submitted for publication 
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150LX reactor at total pressure of 1.04 torr. Details on the ALD reactor, 

substrate preparation and loading into the reactor have been described in 

Chapter 3. For in-situ ALD growth characterization, a spectroscopic 

ellipsometer M2000DI was mounted on the reactor as shown in Figure 5-1. 

 

 

Figure 5-1: (a) Schematics of spectroscopic ellipsometer M2000DI on 

ALD150LX reactor chamber along with TDMAZr and forming gas inlets. (b) 

Deposition cycle for ZrN PEALD. 

 

The deposition cycle for ZrN PEALD consisted of TDMAZr pulse (t1) – Ar 

purge (t2) – plasma pulse (t3) – Ar purge (t4), where ti is the respective 

pulse/purge duration. A precise dose of TDMAZr molecules was introduced 

into the carrier gas (Ar at 40 sccm flow) from the ampoule (at 75 °C) using an 

electronically controlled 3-way ALD diaphragm valve (at 75 °C). During the 

plasma pulse, forming gas (60 sccm flow) was introduced into the reactor 
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under carrier gas (Ar 100 sccm flow) through a RF (13.56 MHz) inductively 

coupled plasma (ICP) glow confined within a quartz tube, generating active 

plasma species for ALD surface reaction. To prevent gas-phase reactions, the 

precursor and plasma pulses were separated by Ar purges (durations t2 and t3 

respectively) allowing enough time to pump out any excess unreacted 

TDMAZr molecules and reaction by-products from the reactor. 

 

The substrates were positioned in the chamber to enable real-time d-iSE 

measurements during deposition. Followed by transfer of substrate into the 

ALD reactor and before deposition, the substrates were treated with forming 

gas plasma to remove any loosely adsorbed surface molecules and condition 

substrate surface for TDMAZr adsorption. After plasma treatment, the 

thickness and the surface roughness of native SiO2 layer of Si substrate was 

determined from d-iSE measurements prior to deposition. An average ALD 

growth-per-cycle (GPC) was obtained from the ZrN film thickness determined 

from the analysis of d-iSE data. For plasma gas composition (60 sccm forming 

gas, 100 sccm Ar) and constant 600 W plasma power, other ALD process 

parameters, i.e. temperature window, optimum precursor/reactant dose and 

inert gas purge, were determined to attain self-limiting growth conditions for 

ZrN PEALD. 

 

The material properties of ZrN films deposited under self-limiting growth 

conditions were characterized and compared with literature data. The 

thickness and dielectric function of the deposited films was obtained from the 

analysis of iSE data measured at the end of deposition. The valence band (VB) 
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and binding energy (BE) spectra from XPS measurements were used to 

analyze electronic density-of-states (DOS) near the Fermi energy (EF) and 

elements in the PEALD films. Glancing incidence x-ray diffraction (GIXRD) 

and x-ray reflectivity (XRR) measurements were performed using a Rigaku 

Ultima-IV diffractometer to investigate crystal microstructure and mass 

density of the deposited films. XRR thickness was also determined from a few 

samples to compare with the iSE film thickness. Electrical resistivity was 

determined from 4-wire sheet resistance measurements in Van der Pauw 

configuration using a Keithley 2400 sourcemeter for current source and 

Tektronix DMM4050 as a voltammeter. 

 

5.3. Dynamic iSE on ZrN plasma ALD films 

5.3.1. Acquisition and interpretation of d-iSE data 

The d-iSE data on growing ZrN PEALD film was acquired over 3.0 s for each 

individual measurement in high-accuracy mode (2-zone measurement). 

Dynamic iSE parameter (Ψ, Δ) were measured over the entire measurement 

range of the M2000DI (712 wavelengths over 0.73 – 6.4 eV), as shown in 

Figure 5-2 (lower inset). As Δ is more sensitive to surface conditions than Ψ 

[9], only d-iSE parameter Δ measured at single wavelength (4.0 eV) is shown 

here for clarity. The d-iSE data acquisition and its interpretation have been 

discussed in details in Chapter 4. Only the d-iSE measurements taken during 

post-plasma purge were analyzed using CompleteEASE software package 

(version 4.48, J. A. Woollam) to characterize ALD growth. 



64 

 

 

Figure 5-2: The d-iSE parameter Δ measured at 4.0 eV during first 10 cycles 

of ZrN PEALD. The duration of precursor pulse (t1), plasma exposure (t3) and 

inert gas purges (t2 and t4) are shown in upper inset. Lower inset shows iSE 

parameters (Ψ, Δ) measured on blank substrate (solid line) and after 10 

deposition cycles (dotted lines) ever entire range of M2000DI. 

 

5.3.2. Analysis of d-iSE data 

ALD proceeds with incremental growth of partial surface monolayer per 

deposition cycle [10,11], and hence an optical model incorporating this sub-

monolayer ALD growth must be used in the analysis of d-iSE data as shown in 

Chapter 4. However for optimization of deposition cycle, ALD surface 

monolayer is approximated as a smooth continuous film with coverage 

dependent effective thickness [12, 13]. For d-iSE data analysis with this 

approximation, the ALD film/substrate is modelled as a 3-layer stack 

consisting of continuous ALD film (εfilm, dfilm), native SiO2 (εox, dox) and Si 

substrate (εSi). The thickness of native SiO2 was determined from the iSE 

measured on bare substrates prior to deposition. Using a model based analysis 

[14, 15], the measured d-iSE parameters after every deposition cycle for ZrN 

growth were analyzed to characterize ALD process. The dielectric function of 
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ZrN PEALD films was modelled with a Drude and 2 Lorentz oscillators [16, 

17] using Eq. (5.1). 
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Ep and Γr are the plasma energy and relaxation energy for the free electron 

absorption expressed by the Drude term. The bound charge contribution to the 

dielectric function is represented with Lorentz oscillators characterized by 

their strength (fn), broadening (Γn) and center energy (En). The constant ε∞ is to 

account for optical excitations not included in Eq. (5.1). 

 

5.4. Results and discussion: 

5.4.1. Growth-per-cycle (GPC) from iSE data 

Due to finite-size effects in thin film properties [18–20], the dielectric function 

parameters were treated as fitting parameters along with ZrN PEALD film 

thickness for every analyzed iSE data set. When surface roughness was 

included in the optical model for the analysis of iSE data, it was found to be 

~0.01 nm without significant improvement in the SE data fitting or change in 

the dielectric function parameters. Hence in the further iSE data analysis all 

the film interfaces are assumed to be smooth within continuous ALD film 

approximation. 

 

Figure 5-3 shows the characteristic ZrN PEALD thickness as determined from 

the analysis of iSE data at end of every 5
th

 deposition cycle. Absence of 

growth initiation/nucleation delay for ZrN PEALD is attributed to the large 

density of surface –OH reaction sites on Si substrates. 
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Figure 5-3: ZrN PEALD film thickness against number of deposition cycles 

as determined from analysis of iSE measurements. An average GPC of 0.103 

nm per cycle was obtained in the linear growth regime (dotted line) for 0.12s 

TDMAZr/15s Ar purge/15s plasma/15s Ar purge, for 600 Watts plasma at 150 

°C substrate temperature. (Inset) shows a comparison between the film 

thickness as derived from iSE measurements at 150 °C (solid lines) and ex-situ 

XRR measurements at RT (dotted lines). 

 

In the early stages of deposition, ZrN growth results from heterogeneous 

surface reactions on native SiO2 layer, that is, hetero-ALD. However in the 

later growth stages ALD reactions occurs on the underlying grown film, that 

is, a homo-ALD. A non-linearity in thickness vs. cycle number over first 25 

ALD cycles is attributed to this transition from heterogeneous to 

homogeneous mode of surface reactions [21–23]. In the linear-growth regime, 

an average growth per cycle (GPC) was determined as 0.103 nm-per-cycle 

from the slope of the linear fit between film thicknesses against number of 

deposition cycles. ZrN film thickness as determined from analysis of iSE data 

was compared with ex-situ XRR measurements as shown in Figure 5-3(inset). 

Both the in-situ (at 150 °C) and ex-situ (at ~ 26 °C) shows a linear increase in 

film thickness with number of deposition cycles. The difference between the 
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iSE and XRR thicknesses are related to the measurement conditions and may 

be linked to the thermal expansion coefficient of ZrN ALD films.  

 

5.4.2. ZrN plasma ALD process optimization 

The deposition process parameters, namely the substrate temperature (Tsub), 

TDMAZr pulse (t1), post-precursor purge (t2) plasma exposure length (t3) and 

post plasma purge (t4), were experimentally obtained for characteristic ALD 

growth such that the total time length for the deposition cycle is minimized. 

The experimental design (see Table 5-1), was based on the fundamental ALD 

surface reactions that are assured to be self-limiting for sufficiently 

precursor/reactant doses and long inert gas purges. For every set of 

experiments only the target parameter (denoted with superscript var) was 

varied keeping other parameters constant such that the ZrN film growth is 

influenced only by the target parameter. With this experimental scheme, the 

interdependence between parameters affecting film growth could be 

eliminated, thereby reducing the number of depositions required for ALD 

cycle optimization. 

 

 

 

 

Table 5-1: Design of experiments to determine optimized process parameters 

for ZrN PEALD growth. ALD cycle is represented as TDMAZr pulse (t1) – 

post-precursor purge (t2) – plasma pulse (t3) – post plasma purge (t4); Substrate 

temperature (Tsub). The optimum range of target parameter obtained in each 

set was used in the following set. ZrN films were deposited with 600 Watts 

plasma power and reactant gas composition of (60 sccm forming gas and 100 

sccm argon). 
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# 

Set 

Target 

Parameter 

Test 

Range 

ALD cycle
a
 

(t1 – t2 – t3 – t4; Tsub) 

Optimized 

range
b
 

1 Tsub 
100 °C – 

350 °C 

0.20 – 15 – 15 – 15; 

(Tsub)
var

 

100 °C ≤ Tsub ≤ 

200 °C 

2 t1 
0.02 s – 0.20 

s 

(t1)
var

 – 15 – 15 – 15; 

150 °C 
t1 ≥ 0.10 s 

3 t3 1 s – 18 s 
0.10 – 15 – (t3)

var
 – 

15; 150 °C 
t3 ≥ 4 s 

4 t2 3 s – 18 s 
0.10 – (t2)

var
 – 9 – 15; 

150 °C 
t2 ≥ 9 s 

5 t4 3 s – 18 s 
0.10 – 12 – 9 – (t4)

var
; 

150 °C 
t4 ≥ 3 s 

a
 Target parameter for every experimental set (denoted with 

var
) was varied 

within the test range for 600 Watts plasma and reactant gas composition of 60 

sccm forming gas and 100 sccm Ar. 
b
 For ZrN growth the ALD temperature window was identified as 100-200 °C 

with deposition consisted consisting of 0.10s TDMAZr/12s Ar/9s plasma/9s 

Ar. 

 

5.4.2.1. ALD temperature window 

The ALD temperature window is the range of substrate temperature (Tsub) for 

which film growth results primarily from the precursor/reactant reaction at the 

active sites on substrate surface alone. The lower limit of ALD window is 

determined by the temperature which is sufficient to overcome activation 

barrier for surface reaction without causing precursor/reactant condensation at 

the substrate. While the upper temperature limit is determined by the thermal 

stability of the metal precursor or desorption of surface adsorbed molecules. 

Hence it is essential to identify the ALD temperature window before 

optimizing other process parameters. 
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An arbitrarily high dose of TDMAZr precursor (t1) and long plasma exposures 

(t3) in combination with sufficiently long inert gas purges (t2 & t4) ensures 

characteristic ALD growth if the substrate temperatures (Tsub) is within the 

ALD temperature window. To determine this temperature range, ZrN films 

were deposited with t1 = 0.20 s, t2 = 15 s, t3 = 15 s and t4 = 15 s, for Tsub varied 

in the range of 100 to 350 °C. The average GPC determined from d-iSE 

measurements for ZrN deposition is shown in Figure 5-4 as a function of Tsub. 

 

Figure 5-4: Average GPC for ZrN deposition as a function of substrate 

temperature with 0.20s TDMAZr pulse/15s Ar purge/ 15s plasma/ 15s Ar 

purge. Surface controlled ALD growth was observed in the temperature range 

of 100-200 °C with an average GPC 0.109 ± 0.005 nm per cycle. 

 

A steady value of GPC was observed for ZrN growth at Tsub in range of 100-

200 °C suggesting a surface reaction controlled deposition. A gradual increase 

in average GPC with Tsub higher than 200 °C indicates an increasing 

contribution from the thermal decomposition of TDMAZr for film growth at 

higher temperatures and is consistent with CVD growth of ZrN [24]. Thus the 

temperature range of 100 – 200 °C for ZrN deposition using TDMAZr and 

forming gas plasma is the ALD temperature window and in agreement with 

reported ALD studies using similar precursors [1,4,5,25]. 
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5.4.2.2. ALD cycle optimization 

At deposition temperatures within the ALD window, a minimum TDMAZr 

dose and plasma exposure is essential to react with all of available surface 

sites, leading to surface saturation. Any dosage higher than this minimum does 

not affect the GPC but adversely affects the ALD throughput due to increased 

processing time and precursor wastage. Furthermore, the respective inert gas 

purges are required to be sufficiently long so that all of excess 

precursor/reactant species and the corresponding reaction by-products are 

completely evacuated from the reactor. In general metal precursors are more 

expensive than non-metallic reactants; hence for ZrN PEALD the TDMAZr 

dose was optimized before other parameters. 

 

To determine the minimum TDMAZr dose to attain surface saturation, ZrN 

films were deposited with variable precursor pulse (0.02s ≤ t1 ≤ 0.20s) and 

arbitrarily long plasma exposure and Ar purges (Set 2 in Table 5-1) at Tsub = 

150 °C. As shown in Figure 5-5(a), for t1 < 0.10s the GPC was observed to 

increase with precursor pulse width but attains a steady state value of 0.102 ± 

0.001 nm/cycle for t1 ≥ 0.10s, thus showing that a minimum of 0.10s pulse of 

TDMAZr was required to attain self-limiting growth condition. 
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Figure 5-5: GPC for ZrN deposition at 150 °C substrate temperature as a 

function of targeted ALD cycle parameters (a) TDMAZr pulse, (b) plasma 

exposure length, (c) post-precursor purge, and (d) post-plasma purge. The 

ALD cycle parameters other than the target parameter are listed in Table 5-1. 

 

In the plasma exposure, the active plasma species reacts with surface 

Zr(DMA)x (x = 1, 2 or 3) species resulting in the removal of organic ligands 

and formation of Zr-NH surface species. At sufficiently long plasma 

exposures, all of the available surface Zr(DMA)x undergoes reaction and the 

surface is saturated with Zr-NH species. To determine this minimum plasma 

exposure, ZrN films were deposited with variable plasma exposure (1s ≤ t3 ≤ 

18s), 0.10 s TDMAZr pulse and long Ar purges (Set 3 in Table 5-1) at Tsub = 

150 °C. As shown in Figure 5-5(b), for t3 ≥ 4s a steady GPC of 0.101 ± 0.001 

nm/cycle shows that a minimum exposure of 4s is required to attain surface 

saturation with respect to plasma half-reaction. Higher GPC values at t3 < 4s 

are attributed to incorporation of organic ligands within deposited films from 

partial plasma reaction as also observed for other PEALD processes [26,27]. 
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A minimum post-precursor purge is necessary for complete removal of excess 

TDMAZr molecules and respective reaction by-products from ALD reactor. 

To identify this minimum, ZrN films were deposited with variable post-

precursor purges (3s ≤ t2 ≤ 18s), 0.10 s TDMAZr pulse, 12s plasma exposure 

and long post-plasma purges (Set 4 in Table 5-1) at Tsub = 150 °C. For 

insufficient purging, the residual precursor molecules would undergo gas-

phase reactions during the following plasma exposure. Incorporation of these 

gas-phase reaction products and the residual by-products from precursor half-

reaction within deposited film hence results in higher GPC values for 

insufficient purging (t2 < 9s) as shown in Figure 5-5(c). For t2 ≥ 9s, s steady 

GPC of 0.102 ± 0.001 nm/cycle indicates that the reactor has been sufficiently 

purged.  Because of the short life-time of plasma reactants and high volatility 

of their reaction by-products [28] they are conveniently swept away by the 

continuously flowing Ar gas through the reactor. ZrN deposition with variable 

post-plasma purges (3s ≤ t4 ≤ 18s) for 0.10 s TDMAZr pulse, 15s post-

precursor purge and 12s plasma exposure (Set 5 in Table 5-1) at Tsub = 150 

°C, showed a steady state GPC of 0.103 ± 0.001 nm/cycle independent of 

purge duration, as shown in Figure 5-5(d). However a fairly long post-plasma 

purge was used to permit multiple d-iSE measurements after every ALD cycle. 

 

5.4.3. ZrN PEALD thin film properties 

The material properties of ZrN films deposited under self-limiting ALD 

growth conditions (0.10 s TDMAZr pulse, 12s post precursor purge, 9s plasma 

exposure and 9s post plasma purge, Table 5-1) were characterized for 

comparison with reported literature data.  
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The imaginary part of dielectric function of 35.3 nm thick ZrN PEALD film 

deposited at 150°C substrate temperature as determined from the measured 

iSE data at deposition temperature is shown Figure 5-6. The free electron 

 

Figure 5-6: Imaginary part of dielectric function (ε2) for 35.3 nm thick ZrN 

PEALD film deposited at 150 °C on Si substrate, as determined from iSE data 

measured at end of deposition without substrate cooling. Free electron 

dispersion is represented by Drude term (D) while the Lorentz oscillators (L1 

and L2) centered at 4.45 eV and 6.89 eV represents the interband optical 

transitions. 

 

dispersion in the ZrN film was characterized by plasma energy (Ep) of 0.92 ± 

0.13 eV and relaxation energy (Γr) of 1.95 ± 0.31 eV, while the interband 

optical transitions described by two Lorentz oscillators, L1 and L2 centered at 

4.45 ± 0.02 eV and 6.89 ± 0.05 eV respectively. Although free electron 

dispersion parameters are governed by the finite size effects [18–20], the 

center energies for Lorentz oscillators as determined for deposited ZrN films 

are in good agreement with the literature data [16]. 

 

XPS survey spectra collected from 35.5 nm thick ZrN film in steps of 0.5 eV 

with analyzer pass energy of 160 eV, after 3 minutes sputter etching with 4.0 

keV Ar
+
 ions is shown in Figure 5-7. The O (1s and KLL Auger) and C (1s)  
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Figure 5-7: XPS survey spectra from 35.5 nm ZrN PEALD film after 3 

minutes etching with 4.0 keV Ar
+
. 

 

peaks in the survey spectrum shows the presence of oxygen and carbon 

inclusions in the deposited film. The organic ligands on TDMAZr molecules 

are responsible for C inclusion, whereas the possible sources for O 

contamination are investigated in Chapter 6.  

 

The valence band (VB) XPS spectrum for PEALD ZrN was collected in 0.05 

eV steps with analyzer pass energy of 20 eV as shown in Figure 5-8. The 

photoelectron emission feature at the Fermi level (EF) shows the metallic 

nature of the ZrN film, similar to VB emission for sputtered ZrN film as 

reported in [29]. The XPS valence band studies on ZrN [30-32] have shown 

that the Fermi level emission band (0 – 2.5 eV) is due to the pure-metallic 

Zr4d states, whereas the peaks at 5 eV and 15 eV result from hybridized N2p-

Zr4d and pure N2s states respectively. For the 5 eV emission peak, the low-

energy edge shoulder is consistent with the presence of the Zr3N4 phase [31], 

whereas the high-energy edge shoulder feature could be assigned to O2p states 

as reported in ZrN/ZrC oxidation studies [33,34].  An additional emission           



75 

 

 

Figure 5-8: Valance-band XPS spectra of 35.5 nm thick ZrN PEALD film 

deposited at 150 °C. 

 

 

feature at 10 eV was also reported in [29] and could be assigned either to the 

presence of  a Zr3N4 phase [31] or a C2s peak [34,35]. 

Glancing incidence x-ray diffraction (GIXRD) patterns at 1° incidence from 

ZrN PEALD film are shown in Figure 5-9. For 300 cycle deposition at 150 °C 

 

Figure 5-9: GIXRD patterns at 1° incidence from ZrN PEALD films 

deposited with (a) 300 cycles at 150 °C and (b) 1200 cycle at 225 °C on Si 

(111) substrates. 

 

only broad diffraction features were observed at 2θ values of 34° and in the 

45° - 60° range indicating that ZrN films were primarily amorphous. However 
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for thicker ZrN films (1200 cycles) deposited at 225 °C, the diffraction peaks 

corresponding to (111), (200) and (220) planes of ZrN (Powder Diffraction 

File: 35-0753) were visible. Additional peaks at 32°, 51° and 61° are assigned 

to (211), (321) and (421) diffraction planes of cubic Zr3N4 [36]. The lowest 

angle peak at 32° has also been indexed as the (320) diffraction plane of 

orthorhombic Zr3N4 [37,38]. A shoulder feature observed at ~ 35° in the 

diffraction pattern was also reported in ZrN oxidation studies and was 

assigned to surface oxidized ZrO2 [39]. For ZrN films deposited at 150 °C, the 

XRR mass density was found to be 4.24 ± 0.21 grams/cm
3
, and was 

significantly lower than the bulk density of 7.1 grams/cm
3
. 

 

Electrical resistivity of ZrN films grown at 150 °C on thermal SiO2 was 

determined to be 559.5 μΩ-cm from Van der Pauw sheet resistance 

measurements. This resistivity is comparable to the electrical resistivity 

measured for thicker (50 nm) ZrN PEALD films on Si substrate deposited at 

higher temperatures (Tsub > 150 °C) [6]. The electrical resistivity for HfN 

PEALD films on thermal SiO2 using H-rich plasma and higher substrate 

temperatures [5,40] were orders of magnitude higher than for the ZrN PEALD 

films on thermal SiO2 using forming gas (5% H2) plasma at 150 °C. 

Integration of ZrN PEALD films with GaN based high power device [41] have 

shown that ZrN provides 8x lifetime improvements over AlN [42]. 

 

5.5. Conclusions 

PEALD growth characteristics for ZrN deposition using TDMAZr precursor 

and forming gas plasma is described in this chapter. ZrN growth was 
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monitored with in-situ spectroscopic ellipsometry measurements in real-time 

throughout deposition and used in the characterization of ALD in terms of 

average thickness growth-per-cycle (GPC). An experiment design scheme is 

presented to determine optimum ALD cycle from a reduced number of 

depositions. 

 

For ZrN deposition with 0.10s TDMAZr pulse, 12s post precursor purge, 9s 

plasma pulse and 9s post plasma purge at substrate temperature range of 100-

200 °C at 600 Watts plasma, the material properties of PEALD film were 

characterized using iSE, XPS, XRR, GIXRD, sheet resistance measurements. 

GIXRD measurements showed that the PEALD grown film was composed of 

both ZrN and Zr3N4 phases. The presence of O and C in the films was 

indicated by the XPS measurements, and GIXRD peaks indicated the 

possibility surface ZrO2. The VB photoemission at Fermi level and electrical 

resistivity comparable with literature data shows that the ZrN PEALD films 

were significantly metallic in nature.  
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6. Oxygen contamination in ALD nitride films
*
 

 

 

6.1. Introduction 

Atomic layer deposition of metallic nitrides (TiN, ZrN*, HfN*, TaN*, WN*, 

etc. where * denotes variable stoichiometry) has several applications in 

semiconductor fabrication [1,2] such as Cu diffusion barrier layers [3–6], 

metal contacts [7,8], etc. More recent efforts in nitride ALD are directed 

towards the deposition of semiconducting group-III-nitrides [9] like AlN, 

GaN, InN, AlxGa1-xN, InxGa1-xN, etc. Analytical techniques such as XPS [9–

11], RBS [12,13], etc., have shown that the nitride films grown with thermal 

or plasma assisted ALD are impaired with O contamination (as high as 20%). 

Although different mechanisms for oxygen incorporation within nitride ALD 

films have been proposed [13,14], in-depth studies on determination of O 

source and process parameters affecting the level of contamination are 

lacking. 

 

In this chapter O-contamination within ZrN PEALD films is investigated with 

aim towards identifying its source to one of the following: (a) residual O2/H2O 

from ALD reactor walls and/or from the process gases; (b) ICP plasma related 

O-source, (i.e. formation of SiO cluster from plasma interactions with quartz 

                                                 

*
 A version of this chapter will be submitted for publication 
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tube [14]); (c) surface oxidation of ZrN ALD films on exposure to ambience, 

and (d) Ar
+
 ions bombardment related features during depth-profile [15]. 

 

6.2. Experimental Procedure 

To ascertain the source/sources of O-contamination careful experiments were 

performed investigating each source separately. Prior to deposition in the ALD 

reactor, precursor valves, reactant lines were baked at high temperatures (90-

130 °C) for ~24 hrs. The residual O2/H2O content in the process gases (i.e. Ar, 

forming gas, and N2), was determined from quadruple mass spectrometer 

residual gas analyzer (QMS-RGA). The emission spectrum during process gas 

plasma was recorded to detect possible presence of SiO fragments as reported 

in [14]. PEALD grown 30-40 nm thick ZrN films at 150 °C with 0.1 s 

TDMAZr pulse/ 12 s Ar purge/ 9 s forming gas plasma exposure (600 Watts)/ 

9 s Ar purge were studied. XPS depth-profile with 4.0 keV Ar
+
 ion sputtering 

was performed to record high-resolution emission features corresponding to 

O1s and Si2p core levels. 

 

6.3. Results and discussion 

6.3.1. Residual H2O/O2 in process gases 

In a continuous flow reactor the ZrN PEALD films were deposited under 

constant flow of Ar gas (~1 Torr), used as a carrier gas for the transport of 

precursor/reactant and as the curtain gas to confine precursor/reactant flux 

close to the substrate. High purity N2 gas was also used for purging load-lock 

(~10
-6

 Torr) during automated transfer of substrate in and out of the ALD 

reactor. Hence these process gases (Ar, forming gas (FG), and N2) were 
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analyzed for residual O2/H2O concentrations using RGA (AccuQuad, Kurt J. 

Lesker). The measured QMS spectra in Figure 6-1 for process gases shows 

that the residual water vapour or oxygen content if present was within the 

background signal (~1.6 x 10
-7

 Torr) measured at absence of process gas flow. 

This suggests that the process gases could not have been a significant source 

of the O-concentration as detected within ZrN films. 

 

Figure 6-1: RGA spectra of process gas (a) Argon, (b) Forming gas (FG), and 

(c) Nitrogen. An offset has been added to the ordinate axis representing 

normalized partial pressure of the gas components for clarity. Absolute 

pressure corresponding to H2O was found to be within background 1.6 x 10
-7

 

Torr in (a)-(c). 

 

6.3.2. Plasma source related O-contamination  

In recent publications [9, 16–18] a good control on O-content within PEALD 

nitride films have been demonstrated with the application of an alternate 

plasma source in place of quartz confined ICP plasma. This switch from ICP 

was based upon the earlier works [14] reporting the formation of SiO from 

plasma interactions with the quartz tube based on plasma emission 

measurements. However, detailed investigations establishing the ICP plasma 

source as the primary source of O-contamination are missing. In addition, a 
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recent publication in the literature [18] questions advantage of the alternate 

plasma source over conventional ICP source. The proposed hypothesis was 

therefore tested by looking for plasma emissions characteristic of SiO 

fragments and presence of Si2p core-level emission in deposited films using 

high resolution XPS. 

 

The emission spectra for 600 Watts Ar, N2 and reactant gas (FG + Ar mix) 

plasma over range of wavelength characteristic to SiO emission peaks at 229.9 

nm, 234.4 nm, 266.9 nm and 269.4 nm [19] is shown in Figure 6-2. None of 

the SiO emission peaks were observed in the measured emission spectra to 

suggest formation of SiO species. In the original work [14] the emission peak 

at 295 nm corresponding to N [20] was wrongly assigned to SiO. 

 

 

Figure 6-2: OES spectra in 200-280 nm range, measured at the substrate 

during (a) Argon, (b) Nitrogen, and (c) reactant gas (forming gas + Argon) 

plasma. None of the characteristics SiO emission peaks at 229.9 nm, 234.4 

nm, 266.9 nm and 269.4 nm could be distinguished from background noise in 

spectra (a)-(c). 
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Furthermore, the incorporation of SiO fragments generated within the quartz 

tube of ICP, within ZrN PEALD films would have resulted in the presence of 

an equivalent amount of Si in addition to O. However the high resolution XPS 

data, as shown in Figure 6-3, does not show Si within detectable limits. 

 

Figure 6-3: High resolution XPS core-level O1s and Si2p emission from ZrN 

PEALD film at 0s, 30s, 150s, and 750s of 4.0 keV Ar ion sputtering. 
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Thus the plasma emission and high-resolution XPS measurement disproves 

the hypothesis that ICP quartz tube could be the source of high levels of O-

content within nitride PEALD films. 

 

6.3.3. Surface Oxidation 

ZrN oxidation studies [21] have shown the rapid formation of surface ZrO2 on 

exposure of ZrN films to air. After the initial native oxide growth, the 

oxidation rate is limited by oxygen diffusion through already grown ZrO2 

layer [22]. The faster oxidation rate of ZrN compared to Zr [21] may be 

attributed to the evolution of N2 gas during oxidation. The depth-profile XPS 

studies on thermal annealing of ZrN [23] shows that the oxidation is 

accompanied with rapid depletion of N concentration as function of annealing 

time. 

 

The O content in TiN atomic layer epitaxy films were found to depend upon 

the film thickness [13]. Also PEALD growth of Ta and TaN films [24,25] 

reported negligible O-content for samples capped with in-situ sputtered thick 

copper film compared to 5-10 atomic % for uncapped samples. These 

observations suggest that surface oxidation forms a major source of O content 

within nitride films. The presence of O only as surface oxide layer is also 

consistent with the electrical resistivity and valence band feature at Fermi 

level measured on thick ZrN films as shown in Chapter 5.  
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6.3.4. Oxygen depth-profile 

If the surface oxidation hypothesis is correct the oxygen concentration in the 

depth-profile should decrease as a function of depth into the film. However the 

O-content was observed to be uniformly distributed throughout film thickness 

in the XPS spectra measured at different sputter times as shown in Figure 6-3 

and also reported in [13]. The possible explanations for uniform O-distribution 

are: (a) the ZrN films are porous or, (b) the depth-profile analysis technique 

induced O-redistribution from surface oxide.  If possibility (a) was true, ZrN 

thin film exposure to atmospheric oxygen would have led to a rapid formation 

of oxynitride phase. However the valence-band features in XPS and the 

electrical resistivity of deposited films are inconsistent with the properties of 

the Zr-oxynitrides [26, 27].  

 

During XPS/AES depth-profiling the sample surface is sputtered with 

energetic Ar ions and the sample surface is analysed at different sputter 

depths. The energy and momentum transfer from argon ion impingement 

initiates a collision cascade within the solid resulting in processes such as ion 

implantation, defect generation, atomic mixing, atomic migration, preferential 

sputtering, radiation enhanced diffusion, etc., of which sputtering is the least 

significant [28]. The ion-solid interactions depend upon the energy and 

incidence angle of the ion beam and often distort the original atomic 

concentration profile, making it difficult to interpret the measured 

concentration-profile [15, 29–32]. The energy and dose of Ar ions used for 

surface treatment prior to XPS, have also been observed to affect the shape of 

emission features [33,34]. 
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With the preferential sputtering of surface N atoms, the uniform distribution of 

O-content within ZrN PEALD film could be explained on the basis of sputter 

induced transport [30–32] of O and N atoms across oxide/ZrN interface. 

Similar model has been proposed for the oxidation of Ni films under influence 

of Ar ion bombardment [35]. 

 

6.4. Conclusions 

The O contamination within ZrN PEALD nitride films was systematically 

investigated from the possible sources of inclusion. The residual moisture 

content in process gases was found to be negligible within background QMS-

RGA signal (~1.6 x 10
-7

 Torr). The proposed mechanism of O contamination 

from ICP quartz tube not supported based on the absence of SiO characteristic 

peaks at 229.9 nm, 234.4 nm, 266.9 nm and 269.4 nm in the plasma emissions 

along with lack of any evidence of SiO presence within ZrN films from high-

resolution Si2p core-level XPS. From the electrical resistivity and valence 

band features in XPS, the surface oxidation was identified as a primary source 

of O within ZrN PEALD films. The uniform distribution of O throughout film 

thickness as observed from XPS depth profile is explained on the basis of 

well-established ion-bombardment induced surface effects. 
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7. Unconventional ALD: AABAAB… type
*
 

 

7.1. Introduction 

Atomic layer deposition has numerous technologically advanced applications 

[1–3]. A unique feature of ALD growth is the surface reactions A and B, in a 

sequence ABAB…, that self-terminates on surface saturation. These ALD 

surface reactions allow for a uniform and conformal deposition over entire 

substrate surface, but limits film growth to a single monolayer per deposition 

cycle under ideal conditional. ALD growth studies [3–8] have shown that only 

a partial monolayer deposition could be obtained per deposition cycle. The 

deviation from “ideal” ALD growth is due to surface reaction kinetics to 

attain saturation and largely because of the shadowing effects of bulky 

precursor molecules preventing adjacent surface active sites from participating 

in reactions, a steric factor.  

 

A conventional way to overcome kinetic factors for ALD reactions is to 

introduce excess precursor/reactant dosage (>100 Langmuir) into the reaction, 

thus promoting surface saturation. Although ALD growth per cycle (GPC) 

increases with dosage, the utilization of precursor/reactant species is rather 

poor and any excess unreacted species are pumped out of the reactor and goes 

waste. With this approach, the surface monolayer growth is still limited by the 

steric factors from bulky ligands on the adsorbed precursor molecules. 

                                                 

*
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In this chapter an alternative AABAAB… type of ALD growth is investigated 

with potential to overcome steric hindrance factors in combination with 

improved precursor/reactant utilization. A numerical model for conventional 

ABAB… type ALD growth is developed accounting for steric hindrance 

factors on the basis of fundamental surface reaction steps. Extending this 

model to AABAAB… type ALD, the numerical results are compared with 

ABAB… type deposition. Finally a comparison of ZrN PEALD growth with 

ABAB… and AABAAB… deposition cycle is presented. 

 

7.2. Growth model for ABAB… type ALD 

The theoretical description of ABAB… type ALD in partial monolayer growth 

regime has been covered in [9–18]. The ALD surface reactions during 

precursor (A) and reactant (B) pulse are schematically represented in Figure 

7-1. The first-principle model for ALD growth is developed, keeping track of 

the fractional coverage of surface species, i.e. reactive sites, adsorbed 

precursor molecules and fragments of ALD grown film, after every ALD half-

reaction starting from a bare substrate.  

 

Figure 7-1: Schematic of ALD surface reaction with precursor pulse (A-Ln) 

and the reactant (B-Xn) pulse. Dashed lines represent the thickness of ALD 

grown monolayers (indexed as n=1, 2…). The substrate surface has been 

indexed as n=0. Surface species are shown with rectangles with superscript 

denoting the monolayer index. (A, B, L and X are denoted by blue, green, 

yellow and red spheres respectively) 
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7.2.1. ALD surface reactions 

ALD growth, as shown in Figure 7-1, can be completely described by the 

population of surface species, i.e. B-X, A-L and A-B units, as they evolve with 

every surface reaction step. Hence it is sufficient to track surface concentration 

or fractional coverage (θ) of these surface species to numerically model the 

ALD growth. In general the surface reaction kinetics is given by: 

  (1 ) ( )
species

species species k species species lsite
site sites site sites

dose

d
C D

dt


      (7.1) 

Where species

sited  denotes the change in coverage of a species at reaction site 

over time interval dt . The kinetics of surface reaction depends upon the order 

k and effective kinetic parameter species

siteC  which is a function of partial pressure 

of species and the activation energy for surface reaction. For the sake of 

completion, the desorption reaction of order l with effective kinetic parameter 

species

siteD is also included in Eq.  (7.1). 

 

Assuming a first-order surface reaction, (k = 1) with negligible desorption

( 0)species

siteD  , the solution to Eq. (7.1) can be expressed as: 

 (1 exp( ))species species

sites sites sites speciesC t      (7.2) 

The initial concentration of active sites available for surface reaction is 

represented by sites and speciest  is the duration of species exposure. With this 

formulation, the ALD partial reactions during precursor A-Ln pulse of duration 

tA (reaction A) and reactant B-Xn pulse of duration tB (reaction B) are 

expressed as: 
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  (7.3) 

Where, B X   and A L   are the surface concentrations of active sites available 

for reaction A and B with kinetic factors A L

B XC 


 and B X

A LC 


 respectively. Hence 

for ALD growth on n
th

 monolayer during k
th

 deposition cycle, the partial 

reactions A(k) and B(k) can be mathematically represented by a set of 

recurring equations as: 
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  (7.4) 

Where ( 1) ,

( )

B k i n

A k  denotes the change in the surface coverage of species i ( i ) 

from pulse-B of (k-1)
th

 cycle to pulse-A of the k
th

 cycle. The coverage of 

species i ( i ) at the end of pulse-A of k
th

 deposition cycle is simple denoted by

( )A k i . 

 

As shown in Figure 7-1, the ALD reaction-A on a particular monolayer (n
th

 

layer) leads to the formation of A-L units consuming equivalent number of B-X 

units (See Eq.(7.3)), without affecting the concentration of AB units. Similarly 

reaction-B results in the formation of AB units by consumption of equivalent 

number of A-L units (See Eq.(7.3)) without affecting the concentration of B-X 

units. Also for every AB unit formed on n
th

 monolayer, B-X unit is formed in 

the (n+1)
th

 layer. 
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The steric factor prevents precursor/reactant molecules from undergoing 

reaction with immediate-adjacent surface active sites. To include this steric 

effect into the ALD reaction model, the effective number of the available 

active surface sites during reaction A and B are reduced by a factor of mA-L 

and mB-X respectively, on similar lines as [15–18]. Hence the surface reactions 

during k
th

 ALD cycle, incorporating steric effects can be expressed as: 

 

 

( 1) ,

( )

( 1) , ( 1) ,

( )

( 1) , ( 1) ,

( ) ( )

( ) , ( ) ,

( )

( ) , ( ) ,

( ) ( )
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( )

0

( ) (1 exp( ))

( )
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B k AB n

A k
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A k AB n A k A L n B X
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,

( ) , 1 ( ) ,

( ) ( )

0B X n

A k B X n A k AB n

B k B k 



 





  (7.5) 

Using the initial conditions (0) ,1 0B AB  , (0) ,1 0B A L   and (0) ,1 1B B X   , to 

represent bare substrate before deposition, the ALD growth after every half-

reaction could be determined from solution to Eq. (7.4)-(7.5). 

 

7.2.2. ALD film growth 

Using Eq. (7.4)-(7.5), the generalized ALD of AB is described as multilayered 

(m-layers) growth [12–14], where the ALD surface reactions are restricted to 

the topmost m incomplete layers. For example when starting from substrate 

(n=0), if by end of (k-1)
st
 deposition cycle the (n-1)

th
 layer is complete, i.e. 

( 1) , 1 0B k B X n    , ( 1) ,n 1 0B k A L     & ( 1) ,n 1 1B k AB   , ALD surface reactions 

are restricted for layers n to n+m-1. The reaction kinetics for 

precursor/reactant reaction at these multiple layers are represented as factors 
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,

A L

B X iC 

  and ,

B X

A L iC 

  were the index goes sequentially from i=1 to i=m for 

surface reactions on n
th

 layer to n+m-1 layer. For such multilayered ALD 

growth, the surface reactions on the topmost m-layers after pulse-A and pulse-

B are described by Eq. (7.6) and Eq. (7.7) respectively: 

 

Surface reaction during pulse-A: 

( ) , ( 1) ,

( ) , ( 1) , ( 1) ,

,1

( ) , ( 1) , ( 1) ,

,1

( ) , ( 1) ( 1) , ( 1)

( ) , ( 1

( ) (1 exp( ))

( ) (1 exp( ))

A k AB n B k AB n

A k A L n B k A L n B k B X n A L

A X B X A

A k B X n B k B X n B k B X n A L

A X B X A

A k AB n m B k AB n m

A k A L n m

m C t

m C t

 

  

  

 





     

 

     

 

    

  



     

     



) ( 1) , ( 1) ( 1) , ( 1)

,m

( ) , ( 1) ( 1) , ( 1) ( 1) , ( 1)

,

( ) , ( 1) ,

( ) (1 exp( ))

( ) (1 exp( ))

B k A L n m B k B X n m A L

A X B X A

A k B X n m B k B X n m B k B X n m A L

A X B X m A

A k B X n m B k B X n m

m C t

m C t

 

  

 

        

 

           

 

    

 
 
 
 
 
 
 



     


     
  







  

(7.6) 

Surface reaction during pulse-B: 
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 (7.7) 

The average thickness of the ALD film, dALD in units of monolayers, is 

expressed as
1

,( 1)
n m

AB i

ALD

i n

d n 
 



    , where m is the allowed number of 

partial monolayer above underlying (n-1) complete layers. A theoretical 

growth rate per cycle is estimated from the linear fit between the theoretical 

ALD thickness and the number of deposition cycles in the linear growth 
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regime. Theoretical ALD film thickness obtained from the solution of Eq. 

(7.6) - (7.7) plotted against deposition cycle in Figure 7-2.  

 

Figure 7-2: Modeled ALD film thickness as a function of deposition cycles 

obtained from Eq. (7.6) and Eq. (7.7) for the precursor steric factor (mA-L) 

varied as 1.0, 1.5, 2.0 and 4.0 assuming no steric hindrance from reactant 

molecules (mB-X =1). From the linear fit between thickness and number of 

deposition cycles the determined GPC (units: ML/cycle) is shown as a 

function of mA-L (Inset). Precursor and reactant pulses along with other surface 

reaction kinetic parameters were kept the same in these calculations (see text 

for details). GPC of less than 1 ML/cycle at mA-L =1 suggests that the 

precursor pulse used in this calculation was shorter than that required for 

surface saturation 

  

In these calculations the precursor A-Ln and reactant B-Xn pulses were 

arbitrarily kept at 1 s and 9 s respectively, and the surface reactions were 

modelled so as to allow up to 3 partial monolayers (m=3). The kinetic 

parameter ,

A L

B X iC 

 , for adsorption of precursor A-Ln on surface B-X sites was 

assumed to vary as 1.800, 0.540 and 0.162 for reaction at the first, the second 

and the third partial monolayer respectively, while for the reaction of B-Xn at 

surface A-L sites a constant ,

B X

A L iC 

  of 3.8 was used at all 3 partial monolayers. 

The effect of steric factors on ALD growth is demonstrated by varying the 
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numerical value of mA-L as 1.0 (no steric hindrance), 1.5, 2.0 and 4.0 

respectively for mB-X =1. 

 

7.3. Growth model for AABAAB… type ALD 

The steric hindrance factor adversely affects the GPC during ALD, as shown 

in Figure 7-2(inset), the higher the steric factor the lower the observed GPC. 

A schematic of the precursor reaction is shown in Figure 7-3(a), where the 

bulky ligands (L) on adsorbed molecules prevent further adsorption on 

adjacent surface sites, represented by region (S1). These ligands are removed 

as by-products (L-X) of the precursor (A-Ln) reaction at surface B-X sites, as 

shown in Figure 7-3(b) and freeing up the adjacent surface sites (region S1 

reduced to S2). The conventional approach to overcome steric hindrance in 

 

Figure 7-3: (a) Precursor (A-Lx) adsorption at surface sites (B-X) with 

effective shadowed region (S1); (b) decrease in the volume of adsorbed 

molecules from removal of ligands (L-X); and (c) the reduced steric hindrance 

(S2) is utilized for step A2 of AABAAB… type deposition.  

 

ABAB… type deposition has been to introduce a large dose of precursor (A-

Ln) molecules in the reactor in single step (pulse-A) such that the precursor 

surface reaction as shown in Figure 7-3 attain surface saturation. Although 

this approach ensures surface saturation at sufficiently large precursor dose, 

the precursor utilization is quite poor and improvement in GPC is marginal. 
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Hence a modified deposition cycle (AABAAB…) appears to potentially 

reduce steric effects with simultaneous improvement in ALD precursor 

utilization.  

 

In the proposed AABAAB… deposition the precursor species (A-Ln) is 

introduced in the reactor as two individual pulses (henceforth referred to as 

pulse-A1 and pulse-A2) separated by an inert purge. After surface reaction of 

precursor molecules of pulse-A1, the effective shadowed region decreases 

from S1 to S2. The newly exposed surface sites become available for reaction 

with precursor molecules of pulse-A2, as shown in Figure 7-3(c). Followed by 

pulse-A2, the surface reaction with reactant B is similar to that in pulse-B of 

conventional ABAB… type deposition. Extension of ABAB… growth model 

to AABAAB… type requires the modifications to Eq. (7.6)-(7.7), so as to 

account for pulse-A1, pulse-A2 and pulse-B: 

 

Surface reaction during pulse-A1: 
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Surface reaction during pulse-A2: 
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Surface reaction during pulse-B: 
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Figure 7-4 shows the theoretical film thickness with AABAAB… type ALD, 

from the solution to Eq. (7.8) - (7.10), with pulse-A1, pulse-A2 and pulse-B 

kept at 0.5s, 0.5s, and 9s. Surface reactions were modelled so as to allow up to 

3 partial monolayers formation for steric factor mA-L = 4, keeping other growth 

parameters the same as calculations shown in Figure 7-2. To compare 

AABAAB… growth with conventional ALD, theoretical film thickness for 

ABAB… growth with precursor pulse of 1s (equivalent to 2 pulses of 0.5s) is 

also presented. 
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Figure 7-4: Modeled ALD film thickness for AABAAB… (A1 = 0.5s, A2 = 

0.5s, B = 9s) and ABAB… (A = 1s and B = 9s) type deposition with precursor 

steric factor mA-L= 4.0. For equivalent precursor dose the calculated GPC of 

0.059 ML/cycle with AABAAB… ALD as compared to GPC of 0.048 

ML/cycle with ABAB… ALD shows better precursor utilization for proposed 

AABAAB… cycle. 

 

The theoretical GPC values for AABAAB… and ABAB… type growth at 

different values of precursor steric hindrance factors (mA-L) are tabulated in 

Table 7-1. In the absence of any steric effects (i.e. mA-L = 1) both type of ALD 

results in similar film growth with GPC of 0.286 ML/cycle. However when 

steric effects are significant (i.e. mA-L > 1), the AABAAB… deposition 

resulted in higher GPC as compared to ABAB… deposition, for the equivalent 

exposure of ALD precursor. 

Table 7-1: Theoretical GPC for AABAAB… growth and ABAB… growth for 

total precursor dose of 1s and reactant pulse of 9s, with precursor steric factor 

mA-L = 1.0, 1.5, 2.0 and 4.0 

mA-L 
GPC (ML/cycle) 

AABAAB… growth ABAB… growth 

4.0 0.059 0.048 

2.0 0.125 0.103 

1.5 0.167 0.143 

1.0 0.286 0.286 
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The self-limiting growth for AABAAB… type ALD with respect to total 

precursor dose (doseA1 = doseA2 = 0.5*dosetotal) is shown in Figure 7-5(a)-(d),  

 

Figure 7-5: Simulated ALD saturation curves with respect to precursor dose 

for AABAAB and ABAB type deposition at (a) mA-L=4.0; (b) mA-L=2.0; (c) 

mA-L=1.5; and (d) mA-L=1.0. The modeled GPC is obtained at equivalent 

precursor dose for AABAAB type deposition (doseA1 = doseA2 = 0.5*dosetotal) 

and ABAB type deposition (doseA = dosetotal). 

 

 

for variable precursor steric factors (mA-L). For comparison, saturation curves 

with respect to precursor dosing for conventional ABAB… type ALD (doseA = 

dosetotal) are also shown. 

 

In case when precursor molecules exhibit steric hindrance (i.e. mA-L>1), only a 

fraction (1/mA-L) of the total surface active sites are consumed during precursor 

half reaction, and hence at saturation only partial monolayer growth is 

observed per cycle as shown in Figure 7-5(a)-(c). In the ideal case when steric 

hindrance from precursor molecules are negligible, (i.e. mA-L=1), every 

deposition cycle under saturation conditions would result in a complete 
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monolayer deposition Figure 7-5(d). The higher GPC at saturation with 

AABAAB than with ABAB type deposition for an equivalent precursor dose 

in presence of steric hindrance demonstrates precursor utilization with the 

proposed ALD recipe. 

 

7.4. Results and discussion 

To experimentally verify simulation results shown in Figure 7-5, experimental 

saturation curves were determined for ZrN PEALD growth with modified 

AABAAB… and the conventional ABAB… type deposition. These films 

were deposited on Si (111) substrates at 150 °C with a variable TDMAZr 

precursor dose, 12s of post-TDMAZr purge, 9s forming gas plasma, and 9s of 

post-plasma purge. Except for the ALD valves temperature set to 90 °C, rest 

all temperature set points were identical to those reported in Chapter 5. To 

ensure identical dosage of TDMAZr molecules is used, the precursor pulses at 

step A1 and A2 of AABAAB were kept at half times the pulse at step A of 

ABAB deposition.  

 

Figure 7-6: ALD saturations curves obtained for ZrN deposition using ABAB 

and AABAAB type deposition. 
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As shown in Figure 7-6 the GPC values at saturation condition for ZrN 

deposition were found as 0.087±0.001 nm/cycle for AABAAB… recipe and 

0.072±0.001 nm/cycle for ABAB… type recipe. Also in the range of 

TDMAZr pulse lengths under investigation, the self-limiting ZrN growth was 

obtained at minimum precursor pulse of 0.08 ms for ABAB type deposition, 

whereas for AABAAB type deposition surface saturation was observed at total 

precursor pulse of 0.04 s  (pulse A1 = 0.02 s and pulse A2 = 0.02 s). These 

results are in agreement with the numerical data shown in Figure 7-5, and 

demonstrates that with the modified ALD cycle, not only is the GPC at 

saturation higher but also  saturation condition is attained with much shorter 

TDMAZr dose as compared to the conventional ALD. 

 

7.5. Conclusions 

A first-principle numerical model for ALD growth is developed for deposition 

of a binary material (AB) using precursor (A-Ln) and reactant (B-Xn). The 

effects of precursor steric hindrance are included in the model as parameter 

(1/mA-L) that represents the ratio of surface sites participating in surface 

reaction to the total number of available surface sites. A modification 

(AABAAB…) to the conventional (ABAB…) type ALD cycle is investigated 

and modeled since the volume of adsorbed precursor molecules undergoes 

reduction on reacting at the surface. The theoretical calculations based upon 

the presented ALD growth model showed that for the equivalent precursor 

dose, GPC at saturation is higher with AABAAB… cycle than ABAB… 

cycle. The experimental saturation curves for ZrN PEALD are in agreement 

with the calculated data and shows ~20% increase in the GPC at saturation 
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(0.087±0.001 nm/cycle with AABAAB… as compared to 0.072±0.001 

nm/cycle with ABAB…). Also the surface saturation was obtained at the 

minimum total TDMAZr dose of 0.04 s with AABAAB cycle as compared to 

0.08 s for ABAB cycle. Although this chapter demonstrates higher precursor 

utilization only for AAB… cycle, this approach is not limited to (A)2(B)1… 

but could be extended to a generalized (A)m(B)n… cycle. Although ALD on 

flat substrate was tested, but similar improvements are expected for deposition 

within high aspect ratio features. 
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8. Conclusions and Contributions to Knowledge 

 

8.1. Conclusions 

 

 ZrN PEALD dynamic iSE (d-iSE) data during growth was interpreted 

and modeled, and it was shown that for surface diffusion enhanced 

film growth, a partial surface monolayer growth of ZrN PEALD film 

formed at the end of every deposition cycle.  

 Design of experiments based on self-limiting ALD surface reactions 

were used to optimize deposition cycle for ZrN PEALD films. 

 Conducting ZrN PEALD films (resistivity of 559.5 μΩ-cm) were 

deposited at 150 °C substrate temperature using TDMAZr precursor 

and forming gas (5% H2) reactant plasma without post-deposition 

annealing. Electrical resistivity of our ZrN films is compared with that 

of other PEALD grown transition metal nitrides in Table 8-1. 

 The optical emission spectrum from ICP plasma did not support the 

formation of SiO species from the interaction between plasma and 

plasma confining quartz tube. Also the absence of Si 2p core-level 

emission in depth-profile XPS spectra from ZrN PEALD films 

suggested that incorporation of SiO species could not have been the 

source of O-contamination. 

 O 1s emission in depth-profile XPS spectra was associated to the Ar 

ion sputtering induced diffusion/relocation of ZrN surface oxide into 

the underlying film during depth-profiling. 
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 The numerical ALD growth model showed that the AABAAB… type 

deposition cycle would result in higher GPC at saturation as compared 

with the conventional ABAB… type cycle, for equivalent dose of 

precursor A, other deposition parameters remaining identical. 

 ZrN PEALD growth experiments with AABAAB… deposition cycle 

demonstrated an simultaneous ~20% increase in the GPC and 50% 

reduction in the minimum TDMAZr dose necessary for saturation as 

compared to conventional ABAB… cycle. 

Table 8-1: Electrical resistivity (ρ) of PEALD grown transition metal nitrides 

on SiO2. 

Material Precursor/Reactant TSubstrate (°C) ρ (μΩ-cm) 

HfN TEMAHf/H2 plasma [1] 250 2327 

TaN 
TBTDETa/H2 plasma [2] 260 400 

PDMATa/ H2 plasma [3] 225 380
a
 

TiN 

TiCl4/(88% H2 – N2) plasma [3] 350 150
a
 

TDMATi/H2 plasma [4] 150 210-275 

TDMATi/NH3 plasma [5] 200 180 

ZrN 
TDEAZr/N2 plasma [6] 300 400

a
 

TDMAZr/(5% H2 – N2) plasma 150 559.6* 

 

TEMAHf : tetrakis-(ethyl-methyl-amino)-hafnium 

TBTDETa : ter-(butyl-imido)-tris-(diethyl-amido)-tantalum 

PDMATa : pentakis-dimethyl-amino-tantalum 

TiCl4  : titanium tetrachloride 

TDMATi : tetrakis-diethyl-amino-titanium 

TDEAZr : tetrakis-ethyl-methyl-amino-titanium 

TDMAZr : tetrakis-diethyl-amino-zirconium 

a
 Resistivity measured for films directly deposited on Si substrate. 

* With further optimization of deposition process the electrical resistivity of 

PEALD ZrN films is expected to reduce below the reported value in this work 



111 

 

8.2. Contributions to knowledge 

 

 Interpretation and analysis of d-iSE data has been presented, 

demonstrating its application to the study of ALD in the early stages of 

growth.  

 An experimental design scheme has been presented for optimization of 

the ALD cycle parameters from reduced number of experiments. 

 The investigation of O-contamination in ZrN PEALD films have 

shown that source of this contamination was not related to the 

conventional ICP plasma source against the claims promoting 

application of alternate plasma source for PEALD. 

 With AABAAB… type deposition cycle, as example it was shown that 

the efficiency of precursor utilization in ALD could be improved with 

novel ALD recipes of type (A)m(B)n(A)m(B)n… 
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9. Future Directions 

 

The key-results presented in this thesis would serve as a guide for future 

research directions into the development of nitride ALD in specific and ALD 

fundamentals in general.  

 

The d-iSE data analysis procedure demonstrated for ZrN PEALD growth will 

be applied to study different modes of ALD growth. The design of experiment 

presented for ZrN PEALD optimization would be adapted for other ALD 

process for faster process optimization. 

 

The electrical resistivity data for ZrN PEALD films using forming gas plasma 

with 5% H2 plasma was found to be comparable with nitride PEALD 

processes using H-rich reactant gases. Hence the role of H content in reactant 

plasma gas requires further study. The development of PEALD recipe for 

selective deposition of mononitride (ZrN) or nitrogen-rich (Zr3N4) phase with 

control over impurity concentration would be beneficial to several 

technologically advanced applications. 

 

It is essential to develop Ar sputtering recipes for depth-profile 

characterization of PEALD films with minimum distortion in the actual 

concentration profile. The precursor utilization efficiency with novel ALD 

recipes (AmBnAmBn… type cycle) are required to be evaluated for deposition 

within high-aspect ratio features. 
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