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ABSTRACT OF THE DISSERTATION 

Atomic Layer Deposition for Continued Scaling of Interconnects 

 

By 

Michael Christopher Breeden 

 

Doctor of Philosophy in Materials Science and Engineering 

 

University of California San Diego, 2022 

Professor Andrew C. Kummel, Chair 

Professor Prabhakar Bandaru, Co-chair 

 

 With the need for more compute performance, smaller semiconductor device dimensions 

and denser interconnections have required the use of ultra-thin layers conformally deposited in 

three-dimensional structures such as the gate-all-around MOSFET and in high-aspect-ratio 

interconnect vias. Atomic layer deposition (ALD), with the ability to precisely control thickness 

as well as selectively deposit layers on different materials, is used in current process nodes for gate 

oxides and barrier layers, but new channel materials such as silicon-germanium (SiGe) and new 
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interconnect metals such as cobalt (Co) and ruthenium (Ru) require new surface preparation 

techniques and ALD processes. 

Chapter 2 of this dissertation describes the passivation of defects in gate oxides deposited 

by ALD in SiGe-channel devices. SiGe’s high carrier mobility shows promise for future devices, 

but the presence of unstable germanium oxides (GeOx) in the interface between oxide and channel 

results in high defect densities, limiting device performance. By nitridating the surface prior to 

gate oxide ALD using an RF plasma, a reduction in defect densities is demonstrated. TEM and 

XPS studies confirmed the formation of a GeNx interfacial layer suppressing GeOx formation 

during ALD, improving gate oxide nucleation and decreasing defect densities. 

With shrinking device dimensions, interconnect via widths correspondingly shrink. While 

copper has long been used for due to its low bulk resistivity, ultra-narrow (<10 nm) via widths 

show high resistance with Cu. Co has been proposed as an alternative as it maintains its resistivity 

to smaller widths, with several selective Co ALD processes developed. However, surface defects 

can result in unwanted deposition, and in Chapter 3, the passivation of surface defects to enhance 

selectivity of Co ALD is studied, with XPS and SEM studies showing that a low-temperature 

reflow process can further enhance selectivity. Ru is also a promising metal for interconnects due 

to its potential for a barrier-less via fill, and in Chapter 4, the deposition of Ru with a resistance 

close to the bulk value by ALD is demonstrated. XRD and TEM studies confirm the deposition of 

Ru layers with low O and C content and grain sizes similar to the film thickness, minimizing grain 

boundary scattering. 



1 

Chapter 1 

Introduction 

 

1.1 ALD for Transistor and Interconnect Scaling 

 To meet the needs of the modern computer industry, the scaling of metal-oxide-

semiconductor field effect transistor (MOSFET) to smaller dimensions has resulted in the 

refinement of the MOSFET design from planar devices microns in size to the three-dimensional 

gate-all-around FETs with gate-to-gate pitches 30 nm across [1]. At the same time, the size and 

pitch of interconnects between transistors decreases, with 2 nm process nodes requiring the vias 

connecting each layer to be scaled under 10 nm in width [2]. To fabricate these devices, new 

channel materials such as silicon-germanium (SiGe) and replacement interconnect metals are 

desired [3] [4]. Atomic layer deposition (ALD), with its ability to finely control the growth of 

ultra-thin layers and deposit conformally even in three dimensional structures, is currently 

employed to deposit the gate oxides and interconnect barrier layers. 

 The goal of this dissertation is to highlight additional applications of ALD for the 

continued scaling of MOSFETs and the interconnects between them. With the use of higher-

performance channel materials such as silicon-germanium (SiGe) comes an increase in 

interfacial defects introduced by gate oxide deposition. In Chapter 2, a method to passivate the 

defects present during gate oxide ALD on SiGe using an RF plasma to nitridate the surface prior 

to gate oxide deposition is demonstrated through electrical characterization and TEM and XPS 

studies of the SiGe-gate oxide interface. 

 Chapters 3 and 4 focus on the replacement of copper as interconnect metal with cobalt 

and ruthenium deposited by ALD. Copper’s low bulk resistivity has made it the interconnect 
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metal of choice, but as via widths decrease, Cu vias increase in resistivity due to increased 

electron scattering. Cobalt and ruthenium have both been proposed as replacement metals for 

these vias as their shorter electron mean free paths allow it to maintain resistivity to smaller 

widths, with ruthenium also showing the promise for a barrier-less via fill. ALD processes for 

both metals exist, with selective ALD processes especially desired to enable bottom-up growth 

for a full via fill. In Chapter 3, a vapor-phase passivation method to improve the selectivity of the 

selective Co ALD process is demonstrated on a metal/dielectric pattern, while in Chapter 4, a 

low-resistivity Ru ALD process is demonstrated on metal and insulator surfaces to determine its 

suitability for process integration.  

 

1.2 Basics of Atomic Layer Deposition 

 The key deposition technique to enable the deposition of the ultra-thin films in modern 

semiconductor devices is atomic layer deposition (ALD). As an offshoot of chemical vapor 

deposition (CVD), in which one or more precursors react to form the desired film on a surface, 

ALD relies on the principle of sequential, self-limiting reactions on surfaces [5]. The prototypical 

ALD process is illustrated in Figure 1.1 as a four-step process. First, a reactant (A) must react with 

the surface in a self-limiting manner, after which no additional deposition occurs. Second, the 

chamber must be purged or evacuated to eliminate the presence of reactant A in the gas phase. 

Third, a second reactant (B) is introduced to the chamber and reacts with the surface in a second 

self-limiting reaction, and in the fourth step the chamber is again purged or evacuated of reactant 

B, leaving the surface ready to react with reactant A. Together, these four processes comprise one 

ALD cycle, which can be run repeatedly to the desired thickness. Due to the self-limiting nature 
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of each half-cycle, the deposition rate is determined by the inherent adsorption and desorption 

characteristics of the precursors, allowing more control over the growth of ultra-thin films [6]. 

 ALD processes exist for a wide variety of materials, from metal oxides and nitrides to 

metals [7] [8] [9]. Typical deposition temperatures vary with each process chemistry, but for most 

ALD processes a range of temperatures exists where the growth rate during deposition remains 

constant per cycle in what is known as the ALD temperature window [10]. Above this window, 

the growth rate may increase due to decomposition or decrease due to early precursor desorption, 

while growth rates below the window typically drop due to slow reaction kinetics. Furthermore, 

as ALD relies heavily on the chemical environment at the surface, differences in reactivity between 

surfaces can be exploited to deposit materials selectively in area-selective ALD (AS-ALD) [11]. 

In addition, the reliance on surface saturation allows deposition to occur uniformly even in high-

aspect ratio trenches and three-dimensional structures. These processes have been exploited for a 

wide variety of applications, from the high-dielectric constant gate oxides used in modern 

MOSFETs [12] to the metals and metal nitrides used as barrier layers in interconnects [13]. 

 

1.3 Vacuum Chamber Design 

 As ALD and CVD processes are run under vacuum to prevent undesired vapor-phase 

reactions and control gas flows to minimize the amount of precursor necessary, the studies in 

Chapter 3 and 4 of this dissertation heavily relied upon the use of a multiple-chamber vacuum 

system for both deposition and film analysis (Scienta Omicron). This system, illustrated in Figure 

1.2, consisted of a load lock for sample loading, two deposition chambers pumped down to a base 

pressure of ~10-6 Torr by means of a turbomolecular pump backed with a rotary mechanical pump, 
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and an analysis chamber held at ultra-high-vacuum (UHV, ~10-10 Torr) chamber with a pyrolytic 

boron nitride (pBN) sample heater and X-ray photoelectron spectroscopy (XPS) analysis system, 

with ion pumps and titanium sublimation pumps used to maintain the pressure at UHV conditions. 

Both deposition chambers contained a custom-fabricated heater to allow for sample heating 

without exposing heater elements to the process gases and conductive films deposited. By having 

deposition chambers attached to the analysis chamber, samples were transferred under vacuum to 

prevent air exposure between deposition and XPS analysis. 

 In addition to this main analysis and deposition chamber used in Chapters 3 and 4, the work 

presented in Chapter 2 was performed using a second system with a load lock and deposition 

chamber pumped by rotary mechanical pump for deposition of Al2O3 and HfO2 by ALD, illustrated 

in Figure 1.3. An RF remote plasma source (PIE Scientific) with a sapphire tube was attached 

above the sample stage for surface functionalization. 

 

1.4 X-ray Photoelectron Spectroscopy 

 As the surface condition is vital to understanding ALD processes, the work in this 

dissertation relied extensively on X-ray photoelectron spectroscopy (XPS). XPS takes advantage 

of the photoelectric effect to infer information regarding the chemical identity and state of atoms 

at or near (<5-10 nm) the surface of a sample. When a photon of energy hν strikes an atom, an 

electron is ejected with a specific kinetic energy defined by the binding energy of the electron, 

with a correction for the work function of the spectrometer [14]. Equation 1.4.1 rearranges this 

relationship in terms of the binding energy of the electron. 

 𝐸𝑏𝑖𝑛𝑑𝑖𝑛𝑔 = ℎ𝜈 − 𝐸𝑘𝑖𝑛𝑒𝑡𝑖𝑐 − Φ𝑠𝑝𝑒𝑐 (1.4.1) 
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 Illustrated in Figure 1.4, a typical XPS system contains four components – the X-ray source, 

electrostatic lenses used to collect electrons emitted from the sample, an electron analyzer and 

detector. The X-ray source uses the thermionic emission of electrons from a heated filament to 

bombard an anode kept at high voltage (15 kV). The metal anode (in this work, Al) emits photons 

of characteristic energies; for Al, Al kα photons are emitted with an energy of 1486.7 eV. To filter 

out undesired emission lines and eliminate Bremsstrahlung radiation which can produce false 

satellite peak features and decrease energy resolution, the anode is aimed at a quartz crystal 

monochromator, which uses the Bragg condition for diffraction to reflect only Al kα photons [15]. 

The photons strike the sample and eject electrons with kinetic energies corresponding to binding 

energies for atoms present on the sample, which are then sent through electrostatic lenses to the 

hemispheric analyzer, consisting of two concentric hemispheric shells held at different voltages. 

Only electrons with specific energies defined by the pass energy will be accelerated all the way to 

the detector, with higher energy electrons striking the outer shell and lower energy electrons 

striking the inner shell. The collected electrons are then sent through photomultipliers and sent to 

a preamplifier for conversion to a kinetic energy spectrum. By varying the shell voltages, a full 

spectrum of binding energies can be captured [16]. 

The binding energies of an atom’s electrons will shift based on its oxidation state. By 

comparison of the captured spectrum with a known calibration spectrum, this chemical shift can 

be measured. In addition, after identification of all atoms present on the sample, relative intensities 

can be compared to determine atomic fractions, which when combined with chemical shift 

information can determine material stoichiometry, making XPS a powerful tool for the study of 

surface reactions and composition [17]. 
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1.5 MOSCAP Electrical Characterization 

 In Chapter 2 of this dissertation, interfacial defects present in an oxide layer with and 

without treatment were investigated. As the switching characteristics of a MOSFET are affected 

greatly by the quality of the oxide and its interface with the channel, a related structure, the MOS 

capacitor (MOSCAP), is fabricated to determine its capacitance- and current-voltage 

characteristics [18]. Figure 1.5 illustrates a cross-sectional diagram of the MOSCAP and the types 

of defects that may be present. The metal gate and the semiconductor channel act as parallel plates 

with a capacitance Cox. In addition, the presence of charge in the semiconductor adds an additional 

contribution CSC. These capacitances are treated in series as shown in Equation 1.5.1: 

 
1

𝐶𝑡𝑜𝑡
=

1

𝐶𝑜𝑥
+

1

𝐶𝑆𝐶
 (1.5.1) 

In a MOSCAP, there are four regimes of operation: accumulation, flatband, depletion, and 

inversion. At flatband, the Fermi levels of the gate and semiconductor are equal, with a voltage 

VFB determined by the difference in work function between the metal and semiconductor. For a p-

type channel, when the gate voltage is below VFB, the MOSCAP is operating in accumulation, 

where CSC increases as voltage decreases due to the accumulation of charge at the semiconductor 

surface until CSC >> Cox, and therefore, Ctot = Cox. Conversely, an increase in voltage will deplete 

the channel of holes, resulting in a widening depletion region, lowering CSC (often referred to as 

CD while in depletion) and therefore Ctot. Increasing voltage further results in an inversion of the 

majority carriers at the surface, until the concentration of electrons at the surface equals that of the 

holes in the semiconductor at flatband. After this point, the inversion charge increases, resulting 

in CSC >> Cox. However, at high frequencies, these carriers cannot respond quickly enough and the 
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widening depletion layer in the channel results in a minimum capacitance Cmin, with the depletion 

capacitance and oxide capacitance in series. 

Since the interface between the oxide and the semiconductor represents a discontinuity in 

the crystal lattice, the unfulfilled bonds represent energy levels that act as charges [19]. In an 

equivalent circuit model, this is represented in Equation 1.5.2 as an additional capacitor in parallel 

with CSC, Cit. 

 
1

𝐶𝑡𝑜𝑡
=

1

𝐶𝑜𝑥
+

1

𝐶𝑆𝐶+𝐶𝑖𝑡
 (1.5.2) 

The conductance method is a powerful tool in measuring the density of these interface 

states. By rearranging the sum of CSC and Cit as a capacitor CP and resistor GP, the new equivalent 

circuit model is that of an oxide capacitor in series with a capacitor and resistor in parallel, 

represented by the following equations [20]:  

 𝐶𝑃 = 𝐶𝑆𝐶 +
𝐶𝑖𝑡

1+𝜔2𝜏2
 (1.5.3) 

𝐺𝑝

𝜔
=

𝐶𝑖𝑡𝜔𝜏

1+𝜔2𝜏2
 (1.5.4) 

where 𝐶𝑖𝑡 = 𝑞2𝐷𝑖𝑡. By measuring the impedance of a MOSCAP in the depletion regime using an 

AC signal overlaid over a gate bias, these components can be measured and the interface state 

density, Dit, determined. In addition, models such as the distributed bulk-oxide trap model can be 

used to extract the densities of other defects such as border traps present in the gate oxide not 

captured by the conductance method [21].  

 

1.6 Scanning & Transmission Electron Microscopy 
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 Much of the work in this dissertation involved films and features too small for optical 

microscopy and relied on the use of scanning (SEM) and transmission electron microscopy (TEM) 

for surface imaging and chemical analysis of the films deposited [22]. In SEM, a beam of electrons 

generated by a tungsten filament or field emission gun are accelerated with a voltage of 1-30 kV 

through a series of electromagnetic lenses towards the sample under high vacuum (<10-4 Torr). As 

the beam is rastered across the surface, the electrons interact with the sample to generate secondary 

electrons which are then collected by a biased grid to strike a scintillator, generating a photon sent 

through a photomultiplier to be interpreted as a pixel [23]. The primary electrons in the beam are 

also scattered and can either be collected by the same detector or by a detector mounted around 

the aperture of the beam. 

By choosing which electrons to detect, valuable information on the morphology and 

chemical composition of the surface can be obtained. The incident electron strikes the sample and 

interacts over a volume depending on the voltage of the beam and the angle of incidence. The 

secondary electrons generated within the interaction volume are scattered with an intensity related 

to the angle of incidence, resulting in an image with high contrast based on the surface morphology. 

Backscattered primary electrons, conversely, are emitted proportionally to the Z-number of atoms 

present in the interaction volume, producing an image with contrast based on chemical 

composition. Furthermore, the interaction of electrons with atoms also generates both 

Bremsstrahlung and characteristic X-rays, which can be used to identify the chemical composition 

of areas on the surface in energy dispersive X-ray spectroscopy (EDS/EDX). However, spatial 

resolution of EDS in SEM is limited by the size of the interaction volume, typically on the order 

of ~ 1 µm [24]. 
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In TEM, electrons are accelerated by a higher voltage (~100-300 kV) through additional 

electromagnetic lenses and transmitted through the sample. The transmitted electrons are then 

focused by lenses and either focused on a phosphor plate for live viewing or a charge-coupled 

device (CCD) which converts the electron signal to an image. The sample must be thin enough (~ 

100 nm) to allow for sufficient electron transmission, but cross-sections can be prepared by 

focused ion beam (FIB) cross-sectioning [25]. Electrons can pass through a sample with or without 

scattering; in the bright-field imaging mode, a signal is collected proportionally to the amount of 

unscattered electrons, while in the dark-field imaging mode, only scattered electrons are detected. 

Elastically scattered electrons can constructively or destructively interfere to form a diffraction 

pattern, useful for crystallographic studies [26]. 

As with SEM, X-rays generated by electron-atom interactions can be used for chemical 

analysis with EDS. The thickness of the sample limits the size of the electron interaction volume, 

greatly improving spatial resolution, enabling the use of EDS for cross-sectional elemental analysis 

of the films deposited by ALD in this work. Additionally, the energy loss of electrons through 

inelastic scattering events can be used to infer physical and chemical characteristics of the sample 

through electron energy-loss spectroscopy (EELS) [27]. Energy loss due to core-electron 

scattering can be used to identify elemental composition and even chemical bonding information 

with potentially atomic-scale resolution, making EELS a powerful tool for studying ultra-thin films 

and their interfaces with materials used in modern semiconductor devices [28]. 
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Figure 1.1: Schematic of a typical ALD process. Four phases: a) Gas-phase dosing of reactant 

AC4 until saturation on a surface of AB2 terminated by D (AB2—D) from the previous cycle. b) 

Purge or pump-out of remaining reactant AC4 to avoid gas-phase reactions. c) Gas-phase dosing 

of reactant BD2, which will react to form AB2—D + (CD)2 as a leaving product. d) Purge or 

pump-out of remaining reactant BD to avoid gas-phase reactions. At the end of step d), surface is 

in the same condition as at the start of step a). An example of this is the deposition of HfO2 using 

TDMAH (Hf—(NEtMe)4) and water.  



11 

 

Figure 1.2: Schematic of ALD/XPS analysis system. Load-lock is used to prevent air exposure 

of the chambers and to allow transfer of sample under vacuum to avoid oxidation between 

precursor doses or deposition cycles.  
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Figure 1.3: Schematic of gate oxide + RF plasma system. Schematic of the vacuum chamber 

used to deposit gate oxide by ALD and functionalize surface with a remote RF plasma generator.  
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Figure 1.4: Principle of XPS. Al Kα X-rays are emitted from an anode and reflected off a 

quartz crystal monochromator with a precise energy, bombarding the surface and causing 

electrons to be ejected with a specific kinetic energy. The electron then passes through 

electrostatic lenses to a hemispherical detector tuned to only permit electrons of specific energies 

corresponding to the energy region of interest through to the detector. The difference between 

the X-ray energy and the kinetic energy of the electrons is the binding energy of the electron 

with the atom.  
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Figure 1.5: Electrical characterization of a MOSCAP. a) The metal-oxide-semiconductor 

structure, with interfacial layer and the presence of interfacial defects, along with border traps 

near the interface in the gate oxide. B) Equivalent circuit diagram of MOSCAP showing Cox in 

series with a parallel circuit with Csc and an interface state resistor and capacitor in series. The 

metal gate is biased against the semiconductor, with a small AC signal overlaid to measure the 

capacitance and conductance as a function of gate bias.   
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Chapter 2 

Al2O3/Si0.7Ge0.3(001) & HfO2/Si0.7Ge0.3(001) Interface Trap State Reduction via In-Situ 

N2/H2 RF Downstream Plasma Passivation 

 

2.1 Abstract 

A novel method for passivating the interface between Si0.7Ge0.3 using an in-situ 

downstream RF plasma consisting of a nitrogen-rich mixture of H2 and N2 gases at 250 °C prior 

to atomic layer deposition (ALD) of Al2O3 and HfO2 was demonstrated. XPS spectra of the 

interface with Al2O3 indicated the presence of a nitride layer enriched in SiONx and depleted in 

Ge relative to the substrate. The electrical properties of this interface were characterized using I-

V and variable frequency C-V measurements of MOS capacitors. The N2/H2 plasma passivation 

process produced a reduced density of interface trap states (Dit) and lower gate leakage compared 

with ex-situ HF clean and sulfur passivation for Al2O3 gate oxides. The lowered leakage current 

and Dit observed compared with HF(aq) or sulfur-passivated surfaces were consistent with 

enhanced oxide nucleation due to N2/H2 plasma passivation lowering carbon surface 

contamination and dangling bonds. TEM/EELS analysis of the interface was consistent with the 

presence of a thin interfacial nitride layer suppressing the formation of Ge-O bonds at the interface 

to form an SiOx-rich interlayer (IL). 
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2.2 Introduction 

To meet the demands of higher-performance, lower-power computing devices, the 

continued scaling of complementary metal-oxide-semiconductor (CMOS) devices requires the use 

of high-dielectric constant insulators (high-k dielectrics) and new channel materials. One 

promising class of channel materials are silicon-germanium (SiGe) alloys. The enhancement of 

hole mobility compared with Si due to splitting of the valence band heavy and light-hole band 

degeneracies makes tunable-Ge content SiGe channels desirable for use in p-type MOSFETs 

[1][2][3]. In comparison with other channel materials such as III-V compounds, SiGe alloys can 

be introduced into existing CMOS process flows, and growth of epitaxial SiGe layers by low-

pressure chemical vapor deposition (LPCVD) or molecular beam epitaxy (MBE) has been well-

studied and is in commercial use for heterojunction bipolar transistors, [4][5] as well as for stressor 

materials in strained-Si channel MOSFETs [6]. 

High-k dielectrics containing Al and/or Hf have been integrated successfully with 

commercial Si-channel CMOS processes since the 45 nm node [7][8]. On Si, the density of 

interfacial defects is low, and attempts at improving the quality of the gate oxide have focused on 

the suppression of SiO2 formation at the interface using a Ti- or La- doped HfO2 dielectric to 

ensure an amorphous microstructure and formation of Hf-silicate at the interface to improve 

capacitance [9][10]. Conversely, formation of low defect interfaces between high-k oxides and 

higher-mobility channel materials such as GaAs or InGaAs has been challenged by high densities 

of defects with HfO2, Al2O3, and TiO2 gate oxides, or mixed metal oxides and silicates [11]. 

Chemical passivation of these surface defects prior to high-k deposition by ALD has been achieved 

on III-V substrates by employing thin Al2O3 layers to suppress As-O and Ga-O formation [12], as 

well as the use of dimethylaluminum hydride and O2 in an MOCVD process to remove native 
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oxides on InGaAs prior to deposition of HfTiO dielectric [13]. Suppression of an interfacial layer 

on the high-k/GaAs system has been achieved through nitrogen reactive sputtering of HfTi to form 

HfTiON [14]. In-situ plasma nitridation has also been reported on InGaAs using alternating pulses 

of N2 plasma and trimethylaluminum prior to HfO2 deposition [15]. Two-dimensional materials 

such as graphene offer the potential for zero interfacial layer thickness, but the chemically-inert 

surface of graphene has limited nucleation density of oxide layers. Nucleation of Al2O3 on 

graphene has been achieved by pre-pulsing H2O prior to ALD, with physisorbed H2O acting as a 

seed for subsequent reaction with trimethylaluminum (TMA) [16][17]. 

Passivation of interfacial defects on SiGe-channel CMOS devices requires a different 

approach than on III-V semiconductor channel devices. In-situ nitridation has been extensively 

studied on Ge MOS devices in suppressing the formation of thermally-unstable GeO2 and diffusion 

of Ge into the high-k dielectric by terminating the surface with Ge nitrides and oxynitrides, 

resulting in high thermal stability and low interface state densities (Dit) [18][19][20]. However, the 

relative stability of Si-N bonds compared with Ge-N bonds has resulted in higher interface state 

defect densities for SiGe alloys. Low Dit values for SiGe have been reported by using post-

deposition plasma nitridation by N2 [21], passivation of SiGe by aqueous sulfur treatment [22], 

and NH3 plasma nitridation [23]. However, post-deposition nitridation limits equivalent oxide 

thickness scaling and control over initial nucleation and growth, while aqueous sulfur passivation 

presents reliability concerns while requiring ex-situ treatment. NH3 plasma nitridation, while 

successfully employed for plasma-enhanced ALD processes of metal nitrides, results in a fixed 

ratio of N and H species in plasma, which may result in suboptimal nitridation conditions for 

surface passivation [24]. 
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This work demonstrates the use of a tunable mixture of H2 and N2 species in an RF 

downstream plasma to passivate the surface of SiGe prior to deposition of gate oxide. Capacitance-

voltage and current-voltage measurements were used to determine the effectiveness of the N2/H2 

RF plasma process on the interface state density and leakage current, while X-ray photoelectron 

spectroscopy (XPS), transmission electron microscopy (TEM), and electron energy-loss 

spectroscopy (EELS) were employed to investigate the chemical environment of the SiGe/high-k 

interface, as well as the interfacial layer thickness and composition using Al2O3 and HfO2 as gate 

dielectrics. 

 

2.3 Experimental 

In this study, to demonstrate the effectiveness of the N2/H2 downstream plasma passivation 

method, metal-oxide-semiconductor capacitors (MOSCAPs) were fabricated with Al2O3 and HfO2 

dielectrics on a Si0.7Ge0.3 channel with (001) orientation. The SiGe channel layer consisted of a 9-

nm-thick p-type Si0.7Ge0.3(001) layer with 1x1018 cm-3 dopant density epitaxially grown on p-type 

Si(001) by molecular beam epitaxy (Applied Materials, Inc.). Prior to dielectric deposition, each 

sample underwent an organic clean via a rinse of acetone, methanol, and DI H2O, followed by 

native oxide removal via 2.5 cycles of 1 minute immersion in 2% HF(aq) and 1 minute immersion 

in DI H2O, following the method of Oshima, et al., on high-Ge content substrates [18]. To 

benchmark N2/H2 plasma passivation in comparison with other methods, three methods were 

compared – HF(aq) only clean in which no further preparation prior to dielectric deposition was 

performed, ex-situ sulfur passivation in which the sample was immersed in a 25% solution of 

(NH4)2S for 15 minutes, and in-situ N2/H2 plasma pre-deposition. After ex-situ sample preparation, 

samples were transferred to the ALD chamber within 2 minutes to minimize air exposure. 
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Fig. 2.1 depicts the chamber used to perform dielectric deposition and in-situ plasma 

passivation. The main deposition chamber is pumped to a base pressure of 2 x 10-2 Torr via rotary 

vane mechanical pump and is connected to a load lock for sample transfer. Above the chamber, an 

RF downstream plasma source (PIE Scientific, Inc.) was mounted to generate the N2/H2 plasma 

mixture. A sapphire plasma tube was employed to resist attack from atomic H generated in the 

plasma [25]. An ultra-high purity mixture of N2 and 5% H2 in Ar (Praxair) at 1 Torr pressure was 

employed for the plasma source with an N-to-H ratio of 20:1, which was maintained at an RF 

power of 20 W. Plasma processing was performed after the sample was pre-heated for 5 minutes 

at 250 °C.  

For ALD of the dielectric layer, trimethylaluminum (TMA, Strem Chemicals, Inc.),  

tetrakis(dimethylamino) hafnium (TDMAH, Strem Chemicals, Inc.), and 18 MΩ·cm DI H2O were 

mounted to the chamber for Al2O3 and HfO2 deposition. TMA and H2O sources were kept at 25 °C, 

while the TDMAH source was heated to 70 °C. All chamber walls, precursor dosing lines, and 

pump lines were held at a temperature of 130 °C to ensure precursors would not condense on the 

wall prior to reaching the sample and to minimize powder formation. To maintain the deposition 

temperature at 250 °C, a UHV pedestal heater (Heatwave Labs, Inc.) was utilized, and samples 

were pre-heated for 5 minutes prior to in-situ processing. Pneumatic valves controlled via custom 

LabVIEW program were employed to control dosing times of precursors. Expansion volume 

dosing was used for TMA and H2O dosing due to their high vapor pressures. During Al2O3 cycles, 

TMA was dosed into the expansion volume for 600 ms, followed by a 5s dose to the chamber and 

1s inert purge. Subsequently, water was dosed into the expansion volume for 700 ms, followed by 

a 5s dose and 1s inert purge. For HfO2 cycles, TDMAH was dosed directly to the chamber for 250 

ms, followed by a 25 s inert purge, and the water half-cycle was dosed to the expansion volume 
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for 600 ms, dosed to the chamber for 5 s and inert purge for 10 s. The TDMAH and H2O purge 

times were increased to avoid the possibility of gas-phase reactions inducing CVD, as the lower 

vapor pressure of the TDMAH precursor resulted in incomplete gas evacuation before the next 

half-cycle without extension. A constant 100 mTorr UHP N2 (Praxair) purge was run during 

deposition to prevent mixing of precursors in the reaction chamber. 

To complete the MOSCAP structure, 30 nm of Ni was thermally evaporated to form 150 

μm diameter circular gates, and a backside 100 nm Al contact was deposited via DC sputtering. 

After fabrication, MOSCAPs were annealed in forming gas (5% H2, 95% N2) at 300 °C for 15 

minutes, 330 °C for 10 minutes, and 350 °C for 5 minutes, following the method described by 

Kavrik, et al [26]. Capacitance-, conductance- and current-voltage (C-V/G-V/I-V) characteristics 

of the MOSCAPs were performed using an Agilent B1500 semiconductor analyzer with an AC 

modulation amplitude of 30 mV between a gate bias of -2 and +2 V at frequencies from 2 kHz to 

1 MHz. Using the C-V and G-V relationships measured, interface state densities (Dit) were 

measured using both the conductance method [27] and the full interface state distribution and 

density of bulk-oxide trap states was calculated using the method of Chen and Yuan [28] [29]. The 

gate leakage current was measured between -2 and +2 V bias. 

To investigate the chemical environment at the high-k/SiGe interface, 5 cycles of Al2O3 

were deposited on SiGe samples after organic and HF preclean, and with or without N2/H2 plasma 

passivation. These samples were removed and rapidly transferred (with a maximum of 2 minutes 

of air exposure) to a surface analysis tool consisting of load lock and UHV chamber at a base 

pressure of 1x10-10 Torr with a monochromatic XM1000 MkII/SPHERA XPS system (Omicron 

Nanotechnology GmbH) for collection of XPS spectra. The source used was a monochromatic Al 

kα source at 1486.7 eV with an analyzer pass energy of 50 eV and linewidth of 0.1 eV, and XPS 
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spectra were collected at 30° with respect to parallel to the sample. XPS analysis was performed 

using CASA XPS 2.3 software, with raw peak areas corrected via Schofield photoionization cross-

sectional relative sensitivity factors. Elemental analysis of the high-k/SiGe interface was 

performed using TEM/EELS at electron acceleration of 80 keV to minimize beam damage to the 

Al2O3 layer. Principal component analysis was used to de-noise EELS spectra [30]. 

 

2.4. Results & Discussion 

2.4.1. Al2O3/SiGe 

To compare the effects of N2/H2 plasma passivation with HF(aq) only clean and sulfur 

passivation, 40 ALD cycles of Al2O3 were deposited at 250 °C and MOSCAPs were fabricated. 

Fig. 2.2 displays the C-V characteristics of three of the devices, with the HF(aq) only cleaned 

sample exhibiting a larger low-frequency “bump” between 0 and 0.5 V gate bias than either the 

N2/H2 plasma passivated surface or the sulfur-passivated surface. By the conductance model [27], 

interface state densities were found to be 3.6 x 1012, 8.9 x 1011, and 7.2 x 1011 cm-2eV-1 at midgap 

for HF only, HF + ex-situ sulfur, and HF + in-situ N2/H2 plasma passivation, respectively. The in-

situ N2/H2 plasma passivation Dit is comparable to the peak value obtained by post-deposition 

plasma nitridation and demonstrates a factor of 3 improvement in interface state density over in-

situ ammonia plasma nitridation [21] [23]. Oxide capacitances derived from the full interface state 

model were 1.02, 1.13, and 1.10 μF·cm-2, respectively [28]. Equivalent oxide thickness (EOT) for 

the three Al2O3 devices were 3.4, 3.1, and 3.1 nm. The sulfur-cleaned and N2/H2 plasma-cleaned 

samples exhibited similar oxide capacitances, illustrating that the N2/H2 plasma passivation 

technique is effective in preventing unwanted interfacial oxide growth during Al2O3 ALD. 
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Fig. 2.3 shows the leakage current density and interface state density as a function of energy 

across the bandgap for the three devices as derived by the Chen full interface state model. 

Integrated interface state densities across the bandgap were 1.5 x 1012 cm-2 for the HF(aq) only 

sample, 3.4 x 1011 cm-2 for the HF(aq) + ex-situ sulfur-passivated sample, and 2.4 x 1011 cm-2 for 

the HF(aq) + in-situ N2/H2 plasma-passivated sample. The peak of the interface state density is 

located at 0.2 to 0.5 eV above the valence band edge for all three devices. The energy range of this 

interface state density peak corresponds with that of the peak interface state density reported for 

the Si/SiO2 interface, which was found to be due to the formation of dangling bonds at Si Pb centers 

acting as amphoteric defects [31] [32]. By comparison, interface states at the Ge/GeO2 interface 

have been found to act as acceptors, and observed interface state densities are consistent with 

GeOx-induced defects in the oxide interfacial layer [33] [34]. This result is consistent with the 

formation of Si-O-Al bonds at the interface which are effectively passivated by hydrogen after 

forming gas anneal. Border trap densities (Nbt) were calculated with the model of Yuan, with Nbt 

values for HF only, HF + sulfur, and HF + plasma passivated devices being 3.9 x 1019 cm-3eV-1, 

1.8 x 1019 cm-3eV-1, and 1.8 x 1019 cm-3eV-1, respectively [29]. Care in interpreting these values 

should be taken, as the model does not consider substrate series-resistance or correct for the effect 

of gate leakage current density [29]. 

The effect of the forming gas anneal on the plasma-cleaned devices is illustrated in Fig. 

2.4. The temperatures and times used for the forming gas anneal were chosen after an optimization 

of anneal conditions, from which it was found that a ramped temperature anneal from 300 °C to 

350 °C for 30 minutes improved the interface quality over a constant temperature anneal, following 

the method of Kavrik, et al [26]. This is reflected in the reduction in Dit from 3.6 x 1012 cm-2eV-1 

for the HF(aq)-only sample before anneal, to 1.1 x 1012 cm-2eV-1 for the 15 minute 300 °C annealed 
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sample and 7.2 x 1012 cm-2eV-1 for the 30 minute ramped forming gas anneal. It is hypothesized 

that the interfacial defects as reflected in the conductance-voltage characteristics have a 

distribution of activation energies and preexponential factors; ramping the temperature of anneal 

over time, these defects can be more effectively passivated while minimizing the total thermal 

budget extended, limiting Ge diffusion through the interface during anneal. 

To evaluate the chemical structure of the interface between Al2O3 and SiGe, 5 cycles of 

Al2O3 were deposited on SiGe at 250 °C. Prior to deposition, samples were cleaned with HF(aq) 

only or with HF(aq) + in-situ N2/H2 RF plasma passivation to compare the effectiveness of the 

passivation techniques. XPS spectra for a) Si 2p, b) Ge 3d, c) N 1s, and d) O 1s are shown in Fig. 

2.5, and the integrated XPS spectrum area of each peak and the SiONx and GeONx peaks are shown 

in Fig. 2.5(e). The composition of the nitride peaks corresponding to SiNx and GeNx components 

are observed at 102.1 eV and 31.8 eV, respectively, for the N2/H2 plasma-passivated surface. The 

N 1s peak is absent from the HF only cleaned sample, reflecting the lack of nitrogen treatment, 

while on the N2/H2 plasma cleaned sample, the peak is centered at 398.0 eV, consistent with values 

reported previously for SiONx [35] [36]. 

The ratio of the nitride signal to the elemental XPS peak is approximately 39% for the Si 

peak and 17% for the Ge peak on the plasma-passivated surface, suggesting preferential formation 

of Si-N bonds over Ge-N bonds. This is consistent with previous XPS studies of preferential 

formation of Si3N4 compared with Ge3N4 and is consistent with the higher heat of formation for 

Si3N4 at -744 kJ/mol compared with -63 kJ/mol for Ge3N4. Due to the lower Ge3N4 heat of 

formation, only a small component of stoichiometric Ge oxynitride within the SiONx layer is 

observed [37]. The resulting SiONx-rich layer is more thermally stable and more likely to inhibit 

H2O and Ge diffusion through the interface during ALD oxide growth, improving interface quality 



27 

compared with HF(aq) only cleaned interfaces [36].  Furthermore, a small GeOx shoulder on the 

Ge peak located at 30.5 eV is observed on the HF(aq) only cleaned sample, while the N2/H2 plasma 

passivated sample lacks this feature. This is also consistent with the suppression of Ge-O bonding 

in the nitrided sample. The intensity of the Si and Ge peaks is suppressed for the N2/H2 plasma-

passivated surface compared with the surface cleaned only by HF(aq) prior to deposition, 

suggesting a thicker layer of Al2O3. This is consistent with the N2/H2 plasma passivation enhancing 

initial nucleation of the gate dielectric, which is reflected in the plasma-passivated devices 

exhibiting lower leakage currents. 

The formation of the nitride interfacial layer is hypothesized to be due to the reaction of 

NHx- radicals at the surface of the SiGe channel.  A plasma power of 20 W is sufficient to ionize 

N2 and H2, but since the pressure in the chamber exceeds 1 mTorr, ion recombination of these 

species occurs before the plasma gases can reach the surface of the sample. Instead, it is expected 

that atomic N formed in the plasma reacts with Si and Ge to form SiNx and GeNx, while the NHx- 

radicals react with surface defect sites and C contamination on the surface. Previous studies of 

plasma nitridation on SiGe with ammonia have hypothesized the nitridation species to be atomic 

N, while residual carbon defects on the surface are cleaned up through reaction with NHx radicals 

[21] [23]. A higher N-to-H ratio is then expected to promote atomic N in the plasma gases, 

enhancing surface nitridation. 

To investigate the thickness of the interfacial layer and the chemical structure of the 

interface in a full MOSCAP device after forming gas anneal, high-resolution transmission electron 

microscopy (HRTEM) was used to image a cross section of the interface. Additionally, electron 

energy-loss spectroscopy (EELS) was employed to capture the chemical structure of the interface 

on the HF(aq) only, sulfur-passivated, and N2/H2 plasma passivated devices. Fig. 2.6 shows 
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HRTEM and EELS spectra across the gate stack on the HF(aq) only, sulfur-passivated, and N2/H2 

passivated devices. From inspection of the HRTEM and EELS data, the interfacial layer thickness 

of the plasma-cleaned device was 1.5 nm, compared with 1.3 nm for the sulfur cleaned device and 

1.6 nm for the HF(aq) only cleaned device. However, the nonuniformity of the interfacial thickness 

suggests no correlation of interfacial thickness with improved interfacial quality. Fig. 2.6f contains 

the EELS data for the sample passivated by N2/H2 plasma, which illustrates a nitride layer 1.5 nm 

thick at the interface. At the center of the N peak, the ratio of Ge relative to Si is 0.14, which is 

consistent with an interlayer mostly consisting of SiONx with low Ge content relative to the HF(aq) 

only cleaned surface. This suggests that the nitride formed during plasma-passivation is effective 

in suppressing the formation of Ge-O bonds by preventing the diffusion of Ge through to the gate 

oxide during growth. 

 

2.4.2. HfO2/SiGe 

To determine if the N2/H2 plasma passivation is effective in passivating the interface 

between SiGe and a higher-dielectric constant insulator, MOSCAPs with 40 and 50 ALD cycles 

of HfO2 were fabricated. Fig. 2.7 illustrates the C-V characteristics of five of these devices, with 

the HF(aq) only clean exhibiting a larger low-frequency “bump” between 0 and 0.5 V gate bias 

than the N2/H2 plasma passivated surface. Unlike the Al2O3 MOSCAPs, sulfur passivation of the 

HfO2 MOSCAPs was unsuccessful in yielding devices with lower leakage and defect densities 

than the HF(aq) only device, and 40 cycle MOSCAPs prepared by HF(aq) only clean had a leakage 

current density too large to accurately extract the interface state density profile from the measured 

C-V data. Furthermore, while interface state analysis was performed for the 40 cycle sulfur-

passivated device, the high leakage current density may call into question the validity of the 



29 

extracted profile. It is noted that the poor performance of the sulfur passivated HfO2 MOSCAPs 

may be deposition system and precursor specific. By the conductance model, interface state 

densities for the 40 cycle HfO2 devices were found to be 6.1 x 1012, 4.9 x 1012, and 3.8 x 1012 cm-

2eV-1 at midgap for the HF(aq) only, HF(aq) + ex-situ sulfur, and HF(aq) + in-situ N2/H2 plasma 

passivation, respectively. For the 50 cycle devices, the HF(aq) only cleaned device had a Dit of 4.8 

x 1012 cm-2eV-1, while the HF(aq) + N2/H2 plasma-passivated device had a Dit of 2.9 x 1012 cm-

2eV-1. Oxide capacitances derived from the full interface state model were 1.90, 1.85, and 2.48 

μF·cm-2 for the 40 cycle devices, and 1.95 and 2.14 μF·cm-2 for the 50 cycle devices, respectively, 

demonstrating that an improvement in the interface state density through the N2/H2 plasma 

passivation technique can also be extended to higher dielectric constant materials than Al2O3, 

yielding a lower equivalent oxide thickness. 

Fig. 2.8 details the interface state density across the bandgap and leakage current 

characteristics for 40 and 50 cycle HfO2 MOSCAPs. Comparing the leakage current at -2 V bias 

for 40 cycle HfO2 MOSCAPs, a 10000x reduction in leakage is observed for the N2/H2 plasma 

passivated device after forming gas anneal, compared with the HF(aq) only cleaned device. This 

is indicative of a significant improvement in oxide nucleation and growth on the nitrided interfacial 

layer. The full interface state model developed by Chen et al. was applied to HfO2 MOSCAPs with 

lower leakage to characterize the integrated interface state density across the bandgap [28]. The 

50 cycle HF(aq) only sample had an integrated interface state density across the bandgap of 1.6 x 

1012 cm-2, while the 50 cycle N2/H2 plasma passivated sample had an integrated interface state 

density of 8.0 x 1011 cm-2, a 2x improvement. The 40 cycle HF(aq) + ex-situ sulfur-passivated 

sample had an integrated interface state density of 1.2 x 1012 cm-2, and the 40 cycle N2/H2 plasma-

passivated sample 1.1 x 1012 cm-2. Integrated interface state density is significantly higher than 



30 

that of Al2O3 MOSCAPs, which is consistent with poor diffusion barrier properties of deposited 

HfO2 compared with Al2O3. It is hypothesized that the higher integrated Dit for the 40 cycle vs 50 

cycle ALD processes are consistent with HfO2 being a poorer diffusion barrier for the ex-situ 

transfer for metal gate deposition than Al2O3. Finally, border-trap densities (Nbt) were calculated 

for the non-leaky devices, as the 40 cycle HF only and 50 cycle HF + sulfur passivated devices 

were too leaky for a meaningful model fit. The 50 cycle HF only device had an Nbt of 3.3 x 1019 

cm-3eV-1, while the 40 cycle HF + sulfur passivated device had an Nbt of 6.0 x 1019 cm-3eV-1. 

Conversely, the 40 and 50 cycle HF + plasma-passivated devices had Nbt values of 1.3 x 1019 cm-

3eV-1 and 1.1 x 1019 cm-3eV-1. Under the border trap model developed by Yuan et al., a single 

border trap state is assumed and series resistance is neglected, yet these results are still consistent 

with effective oxide nucleation at the plasma-passivated interface decreasing tunneling into oxide 

trap states close to the interface [29].  

TEM and EELS were used to characterize the thickness and chemical composition of the 

interfacial layer for the HfO2 MOSCAPs. Fig. 2.9 shows the HRTEM images and EELS data for 

the HF(aq) only, sulfur, and N2/H2 plasma passivated devices. The interfacial layer thickness of 

the plasma-cleaned device was 1.3 nm compared with 1.2 nm for the sulfur cleaned device, and 

1.4 nm for the HF(aq) only device. Similar to the Al2O3 MOSCAPs, the ratio of Ge to Si in the 

interface is observed to decrease relative to the SiGe layer for the N2/H2 plasma passivated devices 

compared with the HF(aq) only devices, with the ratio of Ge to Si at the middle of the interfacial 

layer being 0.16 for the plasma-passivated device compared with 0.35 for the HF(aq) only device 

and 0.26 for the sulfur-passivated device. Additionally, the Ge content falls off 0.4 nm than the Si 

content in the HF(aq) only device, suggesting that the HF(aq) treated surface causes the interlayer 

on HfO2 to be a poorer diffusion barrier for Ge compared with plasma and sulfur passivation. The 
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maximum of the N peak observed in Fig. 2.9f corresponds to a region with lower Ge content 

relative to Si and significant oxygen, consistent with an interlayer consisting of mostly SiOyNx. 

 

2.5 Conclusion 

An in-situ, tunable mixture of N and H in an RF downstream plasma has been demonstrated 

to effectively passivate the surface of SiGe prior to deposition of high-k gate dielectrics Al2O3 and 

HfO2. As opposed to ex-situ aqueous sulfur-containing treatment or post-deposition plasma 

nitridation, the pre-deposition in-situ nitridation by N2/H2-containing plasma reduces interfacial 

trap state density by 80% compared with HF(aq) only treatment, and by 20% compared with 

aqueous sulfur passivation. Investigation of the interfacial composition carried out by XPS 

illustrates that the formation of an SiOxNy interfacial layer both decreases Dit and lowers leakage 

currents, which is consistent with an enhancement in gate oxide nucleation. TEM/EELS analysis 

illustrates that this interfacial nitride layer is effective in suppressing the presence of Ge-O bonds 

in the interface. 
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Figure 2.1: Schematic of chamber used for gate oxide ALD. Showing the load-locked 

deposition chamber with attached RF downstream plasma source, heated sample stage, and 

precursor dosing lines. 
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Figure 2.2: Effect of surface treatment before Al2O3 ALD. 2 kHz – 1 MHz C-V characteristics 

of 40 cycle Ni/Al2O3/Si0.7Ge0.3 MOSCAPs after forming gas anneal. (a) HF(aq) pre-clean only – 

5.9 nm oxide + interlayer thickness (b) HF(aq) clean + ex-situ (NH4)2S treatment – 6.1 nm oxide 

+ interlayer thickness (c) HF(aq) clean + N2/H2 plasma treatment – 6.0 nm oxide + interlayer 

thickness. Cox values were estimated using quasi-static C-V simulations.  

  

a) b) c) 
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Figure 2.3: Effect of surface treatment before Al2O3 ALD on interface state density and I-V 

characteristics. (a) Full interface state model [29] and (b) I-V characteristics of 40 cycle 

Ni/Al2O3/Si0.7Ge0.3 MOSCAPs after forming gas anneal. 

  

a) 

b) 
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Figure 2.4: Effect of surface treatment before Al2O3 ALD on G-V characteristics. 

Conductance-voltage characteristics of Ni/Al2O3/Si0.7Ge0.3 MOSCAPs with 40 cycles of Al2O3 

ALD after N2/H2 plasma passivation (a) before ramped forming gas anneal, (b) after 15 minute 

300 °C forming gas anneal, and (c) after 30 minute ramped forming gas anneal from 300-330-

350 °C. 

  

a) c) b) 
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Figure 2.5: XPS study of Si and Ge chemical states before and after plasma clean. XPS spectra 

for (a) Si 2p peak (b) Ge 3d peak (c) N 1s peak (d) and O 1s peak for 5 cycles of Al2O3/Si0.7Ge0.3. 

(e) Normalized XPS integrated signal values for HF(aq) only and HF(aq) + N2/H2 plasma 

passivated SiGe. 

  

a) 

b) 

e) 

c) d) 
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Figure 2.6: TEM and EELS of Ni/Al2O3/SiGe MOSCAP before and after plasma clean. (a) 

HRTEM of Al2O3/SiGe MOSCAP treated with 2% HF(aq) pre-deposition, (b) EELS spectrum line 

trace of Al2O3/SiGe treated with 2% HF(aq) pre-deposition, (c) HRTEM of Al2O3/SiGe MOSCAP 

passivated by aqueous sulfur pre-deposition, (d) EELS spectrum line trace of Al2O3/SiGe 

passivated by aqueous sulfur pre-deposition, (e) HRTEM of Al2O3/SiGe MOSCAP passivated by 

N2/H2 plasma pre-deposition, (f) EELS spectrum line trace of Al2O3/SiGe passivated by N2/H2 

plasma pre-deposition 

  

c) 

f) 

d) 

b) 
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Figure 2.7: Effect of surface treatment before HfO2 ALD on C-V characteristics. 2 kHz – 1 

MHz C-V characteristics of 40 and 50 cycle Ni/HfO2/Si0.7Ge0.3 MOSCAPs after forming gas 

anneal. (a) HF(aq) pre-clean only, 50 cycles ALD (b) HF(aq) clean + N2/H2 plasma treatment, 50 

cycles ALD (c) HF(aq) pre-clean only, 40 cycles ALD (d) HF(aq) clean + ex-situ (NH4)2S 

treatment, 40 cycles ALD (e) HF(aq) + N2/H2 plasma treatment, 40 cycles ALD. Cox values were 

estimated using quasi-static C-V simulations. 

  

a) 

d) 

b) 

 HF(aq) Only HF(aq) + (NH4)2S HF(aq) + N2/H2 Plasma 

c) e) 
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Figure 2.8: Effect of surface treatment before HfO2 ALD on interface state density and I-V 

characteristics. (a) Full interface state model [29] and (b) I-V characteristics of 40 and 50 cycle 

Ni/HfO2/Si0.7Ge0.3 MOSCAPs after forming gas anneal. 

  

a) 

b) 
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Figure 2.9: TEM and EELS of Ni/HfO2/SiGe MOSCAP before and after plasma clean. (a) 

HRTEM of HfO2/SiGe MOSCAP treated with 2% HF(aq) pre-deposition, (b) EELS spectrum line 

trace of HfO2/SiGe treated with 2% HF(aq) pre-deposition, (c) HRTEM of HfO2/SiGe MOSCAP 

passivated by aqueous sulfur pre-deposition, (d) EELS spectrum line trace of HfO2/SiGe 

passivated by aqueous sulfur pre-deposition, (e) HRTEM of HfO2/SiGe MOSCAP passivated by 

N2/H2 plasma pre-deposition, (f) EELS spectrum line trace of HfO2/SiGe passivated by N2/H2 

plasma pre-deposition 

  

c) 

f) e) 

d) 

b) 

a) 
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Chapter 3 

Proximity Effects of the Selective Atomic Layer Deposition of Cobalt on the Nanoscale: 

Implications for Interconnects 

 

3.1 ABSTRACT 

The continued scaling of transistor sizes has motivated the need to replace Cu with alternate 

metals to minimize resistivity, with cobalt being of interest for both interconnect via metallization 

as well as emerging die-bonding processes. The atomic layer deposition of cobalt using 

Co(tBu2DAD)2 and tertiary-butyl amine (TBA) has nearly infinite selectivity (>1000 cycles) on 

metallic vs. insulating (SiO2 or low-k SiCOH dielectric) planar samples. However, on patterned 

samples, selectivity under identical ALD conditions is limited, due to the diffusion of molecularly-

adsorbed metal precursors from reactive to non-reactive surfaces. X-ray photoelectron 

spectroscopy (XPS) and scanning electron microscopy (SEM) were employed to investigate the 

effects of process parameters on surface precursor diffusion to determine the mechanism of 

selectivity loss on the nanoscale.  Top-down SEM and XPS spectra of a striped test pattern of Cu 

and SiO2 indicated that selective vapor-phase passivation of SiO2 improved selectivity for 

deposition on Cu vs SiO2 by reducing the number of insulator defects that facilitate trapping of 

precursor molecules and subsequent Co nucleus growth. The remaining nuclei were present due 

to incomplete defect passivation.  Conversely, near-perfect selectivity during Co ALD was 

obtained with the periodic annealing of the substrate, consistent with a low temperature reflow 

process allowing Co nuclei on SiO2 defects to merge with the metallic growth surface. 

 

3.2 Introduction 
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With continued scaling of transistors to smaller nodes, the increasing resistivity of Cu 

interconnects deposited by electrodeposition in middle-of-line (MOL) and back-end-of-line 

(BEOL) processing motivates the search for alternate interconnect metals and deposition 

techniques at the M0/M1 interconnect layers [1][2]. One such metal is Co, which has been shown 

to be effective as a Cu capping layer to protect Cu from oxidation and as a Cu replacement in 

tightly confined vias where electroplating Cu is more difficult [3][4]. Atomic layer deposition 

(ALD) is an effective method to deposit Co due to its controllability of thickness and conformality 

over high-aspect ratio structures. In addition, different surface chemistries can be exploited to 

allow for area-selective deposition, enabling bottom-up fill on metals [5]. Bottom-up fill in 

interconnect vias has previously been explored as a means of avoiding void formation during ALD 

of metals [6], but is also hypothesized to encourage vertical grain growth, thereby limiting the 

effects of grain boundary scattering. Another novel application of such a selective Co ALD process 

is in the bonding of suspended Cu pads to form electrical contacts, enabling tighter-packed 

connections between bonded dies during packaging [7]. Selective ALD of Co metal has previously 

been reported using several precursors such as Co(AMD)2 and (tBu-Allyl)Co(CO)3 [8][9]. Of 

special interest is one selective Co ALD process reported by the Winter group using bis(1,4-di-

tert-butyl-1,3-diazadienyl) cobalt (Co(tBu2DAD)2) and formic acid at 180 C, exhibiting very high 

selectivity towards metals vs insulators [10][11]. Additional studies on the deposition of Co using 

Co(tBu2DAD)2 were performed using tert-butyl amine to avoid oxidation of metallic substrates 

[12][13].  

During area-selective ALD on conductors vs insulators, loss of selectivity can result from 

surface defects (such as hydroxyl groups) on insulators causing unwanted nucleation [14]. This 

problem is magnified by close proximity to the desired growth surface, where it is hypothesized 
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that excess precursor remaining weakly-bound on the growth surface may diffuse onto the 

insulator.  The diffused precursor may then bind with surface defects and subsequently react with 

the ALD coreactant (for example, a metal precursor reacting with a reducing agent) in the next 

ALD half-cycle to form nuclei for subsequent growth [15]. Grillo et. al. argue that the surface 

diffusion of excess metal precursor on insulator surfaces can lead to the formation of nanoparticle 

nuclei which can serve as points for unwanted nucleation on insulators [16][17]. Hydroxyl groups 

present on SiO2-based insulators which serve as binding sites for precursors can be deactivated 

through the use of Si-based vapor-phase passivants prior to deposition, thereby enhancing area-

selectivity during metal ALD [18]. This study seeks to understand the mechanism by which 

unwanted Co nuclei appear on insulators within a few nanometers of the metallic growth surface, 

and compares optimization techniques to improve selectivity and determine the atomistic 

mechanisms of selectivity enhancement. In-situ XPS and ex-situ SEM are used to characterize the 

loss of selectivity during Co deposition on nanoscale test strips of alternating Cu/SiO2 surfaces. 

SEM and transmission electron microscopy (TEM) illustrate that periodic anneals induce low 

temperature reflow of these nanoscale nuclei, greatly improving selectivity on the nanoscale. 

 

3.3 Experimental Methodology 

In this report, Co ALD was performed using the coreactants Co(tBu2DAD)2 (EMD 

Performance Materials, Inc.) and TBA at 180 °C on a test pattern consisting of Cu stripes 

embedded in SiO2 [12][13]. In this process, the Co(tBu2DAD)2 precursor bound to the Cu metal 

surface engages in ligand exchange with the dosed TBA to form Co metal plus amine ligands, 

which are subsequently desorbed during pump-down as described in Eq. 1 and Fig. 3.1. 

Co half-cycle: 𝐶𝑜(𝑡𝐵𝑢2𝐷𝐴𝐷)2(𝑔) + 𝐶𝑜(𝑠) → 𝐶𝑜(𝑡𝐵𝑢2𝐷𝐴𝐷)2(𝑎𝑑) 

TBA half-cycle: 𝐶𝑜(𝑡𝐵𝑢2𝐷𝐴𝐷)2(𝑎𝑑) + 2𝑡𝐵𝑢𝑁𝐻2(𝑔) → (𝑡𝐵𝑢𝑁𝐻2)2𝐶𝑜(𝑎𝑑) + 2(𝑡𝐵𝑢2𝐷𝐴𝐷)(𝑔) 
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Desorption step: (𝑡𝐵𝑢𝑁𝐻2)2𝐶𝑜(𝑎𝑑) → 𝐶𝑜(𝑠) + 2𝑡𝐵𝑢𝑁𝐻2(𝑔) 

Eq. 1.  Half-cycle reactions for Co(DAD)2 + TBA Co ALD process 

Fig. 3.2a) is a top-down SEM image (see full image in Fig. S1 in Supporting Information) 

of the test pattern prior to Co ALD, consisting of 85 nm wide strips of Cu deposited via 

electrodeposition on a TiN/Si substrate, then planarized by chemical-mechanical polishing (CMP). 

A degrease and 0.5% HF clean were performed on the post-CMP samples to minimize surface 

contamination. Prior to deposition, all samples were cleaned with acetone, methanol, and water 

rinses, followed by a final 30 second 0.5% HF dip prior to being mounted on a sample holder and 

loaded into the load lock of the deposition and analysis chamber. The analysis chamber (Fig. S2 

in Supporting Information) consists of a load-lock, deposition chamber for ALD, and UHV 

chamber (~10-10 Torr base pressure) containing the x-ray source and analyzer for XPS. Once 

loaded, samples were first transferred into the UHV chamber for a 30 minute 350 ºC vacuum 

anneal using a pyrolytic boron nitride heater to remove residual airborne carbon contaminants and 

leave a clean starting substrate. The deposition chamber and dosing lines were pumped with a 

turbomolecular pump (Pfeiffer TMP-151C) with a base pressure of 10-6 Torr, and the wall 

temperature was maintained at 125 ºC. The sample stage was heated to 180 ºC through an enclosed 

cartridge heater inside a Cu block welded to a high-vacuum flange to eliminate the possibility of 

hot-wire CVD reactions. The turbomolecular pump was used to pump away precursor gas between 

pulses to avoid possible O2 contamination from purge gas and to prevent any parasitic CVD 

component that might lead to undesired nucleation. The Co(tBu2DAD)2 precursor bottle 

temperature was 120ºC, and the dosing lines were kept 10-20ºC higher to avoid condensation of 

precursor in lines. Ultrahigh purity N2 was passed through a purifier before being sent through the 

precursor bottle at 1 Torr to act as a carrier gas for delivery to the deposition chamber. The 

Co(tBu2DAD)2 precursor bottle was refilled with carrier gas for 200 ms, followed by a 200 ms 
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pulse into the ALD reactor at a pressure of ~200 mTorr, which is repeated for each pulse of 

precursor. To achieve the required precursor dose, multiple pulses of precursor per half-cycle were 

employed, as the compression ratio of the turbomolecular pump drops drastically above the mTorr 

range, limiting pumping speed. The co-reactant tert-butyl amine (Me3CNH2, TBA, Sigma-Aldrich) 

was kept at 25°C and dosed in 20 ms pulses to limit pressure spikes to 1 Torr. No purge gas was 

used between half-cycles to limit potential oxygen incorporation in the deposited Co, with the 

pump-out time of precursor varied as a process parameter. The resulting ALD sequence was 

Co(tBu2DAD)2 dose followed by pump-out, dose of TBA, and finished with a 20 s pump-out.  

After deposition, samples were transferred in situ to the UHV chamber for XPS. A 

monochromatic XM1000 MkII/SPHERA system (Omicron Nanotechnology GmbH) was used to 

collect XPS spectra with an Al kα source at 1486.7 eV, with an analyzer pass energy of 50 eV and 

linewidth of 0.1 eV. XPS spectra were collected at 60° with respect to the sample surface normal. 

XPS quantification was performed using CASA XPS 2.3 software, with raw peak areas corrected 

via Scofield photoionization cross-sectional relative sensitivity factors. Due to the presence of 

uncompensated sample charging during XPS, the location of the Si 2p peak was used to establish 

the charge shift in XPS spectra based on the known Si 2p peak location for SiO2 of 103 eV per-

sample, and applied to the Co 2p3/2 peak to verify the presence of Co metal. Top-down SEM was 

also performed after Co ALD using a FEI Apreo SEM at 2 kV electron voltage and 0.05 nA 

emission current using a backscatter electron detector. Finally, cross-sectional transmission 

electron microscopy (TEM) of the Cu/SiO2 striped patterns was performed. 

 

3.4 Results & Discussion 
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The Co(tBu2DAD)2 + TBA ALD process was employed on patterned substrates with Cu 

lines separated by SiO2 (Fig. 3.2a, Fig. S1 in Supporting Information). In Fig. 3.2(b) (Fig. S3 in 

Supporting Information), XPS quantification shows significant attenuation of both Cu and Si 

signals from 18% to 2.1% Cu coverage and 34% to 20% Si coverage compared with the pre-

deposition surface. SEM imaging shows the presence of a significant amount of Co nuclei on the 

SiO2, with a density highest near the Cu and decreasing with distance from the stripes. In addition, 

nearly all of the nuclei are of similar diameter, with 95% of particles being between 230 nm2 to 

298 nm2 with oblong disc shapes as observed in SEM and TEM imagery. From the work of Wolf 

et. al, observed selectivity on un-patterned SiO2 during Co ALD with Co(tBu2DAD)2 is consistent 

with the lack of molecular adsorption [12]. Nuclei 2-4nm tall are observed by AFM on blanket 

SiO2, but it is hypothesized that there are more hydroxyl groups on patterned SiO2 due to defects 

formed during CMP of the surface compared with thermally-grown SiO2, so that the proximity of 

the Co/Cu surfaces is more likely to result in unwanted adsorption of Co precursor on the hydroxyl 

groups, and, therefore, unwanted nucleation. 

3.4.1 Passivation of insulator defects 

To confirm this hypothesis, a Cu/SiO2 patterned sample was passivated with vapor-phase 

dimethylamino-dimethyl-silazane ((Me2N)2SiMe2, DMADMS) and tetramethyl-disilazane 

((Me2SiH)2NH, TMDS) in a 50% mixture of both species at 5 Torr for 10 minutes at 70°C, 

followed by deposition of 200 Co ALD cycles. TMDS and DMADMS are commonly used for 

SiCOH repair, as they readily bind to hydroxyl groups formed via plasma damage during dry 

etching [19]. Simultaneous vapor-phase dosing of both TMDS and DMADMS was employed to 

silylate both isolated and geminal hydroxyl groups on SiO2 [20]. Fig. 3.2(c) (Fig. S4 in Supporting 

Information) shows the SEM of the passivated SiO2/Cu striped surface after Co ALD. On the 
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passivated surface, XPS quantification (raw XPS spectra shown as Figs. S9 before deposition, S10 

after deposition without passivation, and S7 after deposition with passivation in Supporting 

Information) shown in the bottom of Fig. 3.2(c) after 200 ALD cycles shows only 13% Co and 

33% Si, similar to the clean surface and therefore consistent with lower Co coverage on the SiO2. 

To determine the chemical state of the Co layer deposited, the chemical shift of the Co2p peak was 

measured. On both the unpassivated and the passivated samples, the peak location of the Co2p3/2 

peak after correction for uncompensated sample charging was centered at 778 eV, consistent with 

metallic Co formation (see Figs. S10 and S11 in Supporting Information for peak shifts and charge 

correction factors).  

SEM imaging in Fig. 3.2(b,c) shows a high density of Co nuclei on the unpassivated SiO2, 

with a far lower density on the unpassivated SiO2, consistent with the XPS data. Unlike the 

unpassivated sample, however, the distribution of Co nuclei on the insulator is far more evenly 

distributed. For any unwanted nuclei formed on the unpassivated insulator surface in the initial 

ALD cycles, it is hypothesized that subsequent cycles will see these nuclei act as adsorption sites 

in subsequent cycles. Since the number of defect sites on SiO2 is expected to be a fixed number 

throughout the process, nucleation should occur within the first few cycles for most sites, resulting 

in further growth leading to nuclei of a similar size. The nuclei density on the passivated SiO2, 

however, is expected to be lower due to the presence of fewer defect sites, with remaining nuclei 

being present due to incompletely passivated hydroxyl groups. These SEM and XPS observations, 

therefore, are consistent with unwanted nuclei being formed by diffusion of the Co(tBu2DAD)2 

precursor from the Cu strip to a fixed number of defects on the SiO2, where it is trapped and 

converted to Co with subsequent TBA pulses. The fixed number of defects can be reduced by 

vapor-phase passivation of hydroxyl groups, resulting in a lower density of Co nuclei.  
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As mentioned, the presence of unwanted nuclei on the unpassivated insulator is 

significantly greater than that of the unpassivated insulator. To quantify the density of unwanted 

nuclei on the insulator, the image analysis software ImageJ was used to identify and sort nuclei as 

a function of distance from the stripe edges [21]. Fig. 3.3 illustrates the difference in unwanted 

nucleation density with a histogram of the number of nuclei as a function of distance from the top 

striped pattern in the 600 nm wide insulator alley. On the unpassivated Cu/SiO2 pattern (Fig. 3.3a), 

there is a gradual drop off in nuclei density with distance from the top edge of the striped pattern 

to the middle of the alley with an overall nuclei coverage of 19% and density of 294 nuclei/µm2. 

On the passivated sample (Fig. 3.3b), a decrease in nuclei count to a density of 114 nuclei/µm2 and 

an overall coverage overall coverage of 5% is observed, with a near-constant nuclei density across 

the insulator. As the pump-out time between cycles is on the order of seconds, precursor molecules 

should have sufficient time to diffuse or desorb off the insulator surface before the co-reactant can 

react to form a nucleus, leaving the defect density on the insulator as the limiting factor in nuclei 

density. With the passivated surface, the defect density is reduced by the presence of fewer 

hydroxyl groups, further limiting the number of sites where a nucleus can be formed. This result, 

therefore, is consistent with passivation offering Co(tBu2DAD)2 physisorbed on the insulator 

fewer sites to be trapped on before diffusing back to the growth surface or desorbing entirely. 

Future work in the numerical modeling of surface diffusion in area-selective ALD, therefore, 

should account for the presence of defects that trap excess precursor to capture this effect. 

3.4.2 Size distribution of nuclei on insulator defects 

Fig. 3.4 (full histograms in Fig. S5 and S6 for unpassivated and passivate surfaces, 

respectively) illustrates the nuclei size distribution on the insulator surface. The mean nucleus size 

on the passivated surface is 458 nm2, with a standard deviation of 181 nm2 and skewness of -.22. 
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On the unpassivated sample, the average nucleus size is 503 nm2 with a standard deviation of 155 

nm2 and skewness of 0.83. Given the model of surface diffusion onto insulator defects, it is 

expected that mean nuclei sizes be larger on the passivated surface due to the presence of fewer 

total sites for a given flux of excess precursor. However, a smaller mean nuclei size is observed 

on the passivated surface with a negatively-skewed distribution, contrary to this model. One 

possible explanation for this is that delayed nucleation on marginally passivated sites occurs later 

during deposition, resulting in smaller nuclei at those sites. On the unpassivated surface, the 

distribution is positively-skewed, with many larger nuclei observed. One possibility is that two 

nuclei in close proximity grow together to form a single large nucleus during growth. The second 

possibility is an artifact of the finite sharpness of the SEM images, resulting in two (or more) close 

nuclei falsely appearing as a single larger nucleus. Due to the far higher nuclei density on the 

unpassivated surface, the positive skewness of the nuclei size distribution is consistent with a 

combination of these two factors. 

The small insulator areas in between the Cu stripes were also examined for undesired 

nuclei. As the area of the insulator is comparable to the area of the Cu fingers, precursor molecules 

are equally likely to land on insulator as they are on metal. Once precursors trapped by insulator 

defects form initial nuclei, further cycles may result in precursor directly adsorbing on these nuclei, 

with the growing nuclei likely to form an undesired bridge between the Cu lines. Quantification in 

this region was again performed using the above-mentioned method. Any detected nuclei 

overlapping the Cu stripes were discarded from the count, as well as nuclei touching the edge of 

the image in order to get a consistent count of nuclei sizes. Fig. 3.5(a) is a top-down SEM image 

of the striped portion of the Cu/SiO2 pattern without passivation along with a histogram of the 

nuclei size distribution (Fig. S3 in Supporting Information, full histogram in Fig. S7), while 3.5(b) 
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is the same portion with passivation (Fig. S4 in Supporting Information, full histogram in Fig. S8). 

The distribution of nuclei sizes on the passivated sample is centered around a mean value of 496 

nm2 with a standard deviation of 123 nm2 and skewness of 0.62, while on the unpassivated sample, 

a similar distribution with a mean nuclei size of 470 nm2, standard distribution of 185 nm2, and 

skewness of 0.60 is observed. Although the nuclei density is far lower for the passivated surface, 

the size distribution of nuclei on both surfaces is similarly skewed upward, with the unpassivated 

surface having a longer tail of sizes reflecting the greater presence of multiple nuclei in proximity 

being counted as one. The presence of larger particles on average after passivation is consistent 

with a lower defect density allowing precursor to more readily diffuse and re-absorb onto the metal 

strips, with the remaining nuclei able to capture more excess precursor. 

While the possibility that Cu contamination on the insulator during the CMP process is the 

source of Co nucleation was considered, if Cu contamination were the driving force behind 

undesired nucleation, the spatial distribution of nuclei should remain unchanged after passivation; 

however, the observed distribution is consistent with defect sites primarily being hydroxyl groups, 

not Cu contaminant sites. These results, therefore, confirm the hypothesis that the loss of 

selectivity on the nanoscale is due to surface precursor diffusion to defects. With a higher sticking 

probability, metal surfaces will experience precursor saturation before the insulator surface, 

resulting in a concentration gradient that can drive diffusion and cause unwanted growth. 

3.4.3 Effect of dose and cycle time on nucleation density 

The Co(tBu2DAD)2 + TBA ALD is unusual because XPS data is consistent with molecular 

instead of dissociative chemisorption of Co(tBu2DAD)2 at 180 °C; previous XPS studies with this 

precursor show that the tBu2DAD ligands are largely intact after the surface is dosed with 

Co(tBu2DAD)2 [12].  This implies that the Co(tBu2DAD)2 adsorption is reversible; therefore, it 
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was hypothesized that selectivity could also be improved by increasing the pump-out time so that 

Co(tBu2DAD)2 which diffused onto the SiO2 could desorb before the subsequent TBA pulse 

reacted with the tBu2DAD ligands from Co(tBu2DAD)2 to induce irreversible adsorption. To study 

the effect of these process parameters on nucleation density, pump-out time and dose amount were 

varied without the use of a passivant. As shown in Fig. 3.6 (SEM images Figs. S12 and S13, cross-

sectional TEM Figs. S14 and S15 respectively in Supporting Information), increasing the pump-

out time from 5 s to 20 s decreased the density of unwanted nuclei, consistent with the 

Co(tBu2DAD)2 diffusion and the reversible adsorption hypotheses. As with the passivation 

comparison, nuclei density on the insulator surface away from the edges of the stripes was 

quantified, with a decrease from 52 nuclei/µm2 to 9 nuclei/µm2 when the pump-out time is 

increased. However, inspecting the narrow insulator stripes between adjacent Cu stripes shows 

relatively little decrease in nucleation density, and XPS quantification (raw XPS spectra Fig. S16 

and S17 in Supporting Information, respectively) shows a negligible difference in the surface 

coverage of Co vs Cu. 

The Co(tBu2DAD)2 likely initially adsorbs strongly to the Co metallic growth surface, but 

during each ALD cycle, excess Co(tBu2DAD)2 is employed to ensure saturation on the growth 

surface as illustrated in Fig. 3.7(a). Therefore, at the end of each Co(tBu2DAD)2 pulse, weakly 

adsorbed Co(tBu2DAD)2 is present on the metal surface, as illustrated in Fig. 3.7(b). It was 

hypothesized that during each ALD cycle, once the growth surface was saturated with 

Co(tBu2DAD)2, further dosing would result in this weakly-adsorbed precursor to diffuse onto the 

SiO2 (Fig. 3.7c). This excess precursor can diffuse across the SiO2 until it reaches a surface 

hydroxyl or a preexisting Co defect nucleus to react (Fig. 3.7d), or desorbs.  To test this hypothesis, 

a lower Co(tBu2DAD)2 dose was employed by reducing the number of pulses per cycle. As shown 
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by SEM in Fig. 3.6 (Fig. S13 and S18 in Supporting Information), this was very effective in 

reducing the number of unwanted nuclei on the SiO2, with zero observed nuclei on the insulator 

surface, but the growth rate was significantly reduced. XPS quantification of the 8x and 2x pulse 

conditions shows a factor of 2 reduction in Co surface coverage as seen in the XPS quantification 

in Fig. 3.6, and lower Cu attenuation, consistent with a lower growth rate. To confirm this growth 

rate decrease, thickness was estimated by TEMs in Figs. S14 and S19 in Supporting Information. 

The average thickness of the Co film deposited with the 8x pulse condition was determined to be 

15nm, while the average thickness under the 2x pulse condition was 7.6nm, a factor of 2 reduction.  

Cross-sectional TEM was performed as shown in Fig. 3.8 to further illustrate the effects of 

pump time and dose process parameters absent passivation. In Fig. 3.8(a) (full image included in 

Supporting Information as Fig. S14), unwanted nucleation density on the Cu/SiO2 strip pattern is 

high, consistent with the top-down SEM results. In Fig. 3.8(b) (full image included Supporting 

Information as Fig. S19), reduced Co dosing resulted in a thinner layer of Co on Cu, consistent 

with a lower growth rate as confirmed by XPS studies (see Fig. S24 in Supporting Information for 

raw XPS spectra). In Fig. 3.8(c) (full image included in Supporting Information as Fig. S15), the 

increased pump-out time reduces, but does not eliminate, unwanted nucleation. 

3.4.4 Reflow of nuclei on insulator 

Current Co CVD fill processes for interconnect vias use reflow to ensure a void-free via 

fill. During Co CVD growth, the Co film layer grows inward until the via closes up, leaving behind 

a void. To eliminate this void, an anneal is performed at roughly 350-400 °C to reflow the Co 

metal to fully fill the via [22]. Another method hypothesized to improve selectivity is to introduce 

a periodic anneal step in between sets of cycles to act as a mid-deposition reflow. According to the 

simple Ostwald ripening model, atoms from small nuclei can more readily diffuse than atoms from 
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large nuclei; therefore, by annealing the surface periodically during deposition while nuclei are 

smaller, it may be possible to induce Co diffusion from the nuclei to the Co/Cu stripes at a lower 

temperature than a typical reflow process. To test this hypothesis, after each 100 Co ALD cycles 

an anneal to 260°C for 30 minutes in ultra-high-vacuum was performed, which is around 140°C 

below the normal Co reflow temperature [22][23][24]. As the temperature of Co ALD is far below 

the anneal temperature and cycle times are on the order of 50x shorter than the anneal time, 

diffusion of Co nuclei is expected to be negligible during growth, necessitating the periodic anneal 

step. 

TEM cross-sections of the Cu/SiO2 fingers along with XPS quantification are shown in 

Fig. 3.9 for both non-annealed and annealed samples. TEM (full images available in Supporting 

Information as Figs. S14 and S21, respectively) shows that without periodic anneals (Fig. 3.9a), 

nuclei are observed on the insulator in addition to the Cu stripes. On the annealed sample in Fig. 

3.9(b), however, the formation of a bulge (seen using the red arrow) at the edges of the stripes is 

observed. Furthermore, SEM imagery of the non-annealed and annealed samples (Supporting 

Information Figs. S22 and S23, respectively) shows that periodically annealing the sample every 

100 cycles completely prevented the formation of nuclei on the insulator. XPS of the non-annealed 

and annealed samples (full XPS spectra of each element available in Supporting Information as 

Figs. S16 and S24, respectively), likewise, shows less insulator attenuation and greater Co signal 

on the annealed sample than on the non-annealed sample, consistent with near-perfect selectivity 

on the Cu/SiO2 pattern without the use of passivation. This observation is consistent with the 

reflow of Co nuclei below a critical diameter on the SiO2 to the edges of the Cu growth surface, 

forming an edge bulge as it binds to the existing Co metal layer. As the temperature of this anneal 

is 140 °C lower than that of typical reflow processes, this has the potential to further scale the 
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thickness of the diffusion barrier between the Co and the SiCOH. An alternative to the periodic 

anneal process while exploiting this reflow effect would be a hypothetical higher-temperature 

selective ALD process for Co where dissociation occurs only on metal surfaces at temperatures 

around 250-300 °C to continually reflow during deposition and prevent nuclei from forming on 

insulator. Selective Co ALD processes have been reported around 350 °C, but require the use of a 

self-assembled monolayer to block deposition on the undesired growth region first [25]. 

Periodically annealing allows the high selectivity of passivated area-selective ALD while avoiding 

the need for a long blocking layer which may limit the usefulness of Co in highly-confined 

interconnect vias. 

 

3.5 CONCLUSION 

The proximity effect of unwanted nucleation of metals on insulator by excess precursor 

during of selective-area ALD of Co is demonstrated using the precursor Co(tBu2DAD)2 with tert-

butyl amine as a co-reactant. Four strategies have been found to improve Co ALD selectivity: 

adding a passivant to remove insulator defect sites, increasing the pump-out time, decreasing the 

precursor dose, and periodic annealing. The periodic annealing technique allows reabsorption of 

the Co nuclei from the insulator surface to the growth surface and is consistent with a low 

temperature reflow process. The strategies of passivation and periodically annealing the film to 

avoid Co nuclei are of great importance when considering integration of selective Co deposition 

by ALD in tightly-confined patterns for interconnects, as well as emerging applications in the 

bonding of suspended Cu pads for die-die bonding in IC packaging. 
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Figure 3.1:  Mechanism of Co(tBu2DAD)2 + TBA ALD at 180 ° C. (a) During the 

Co(tBu2DAD)2 cycle, Co(tBu2DAD)2 chemisorbs to the metal surface, leaving two tBu2(DAD) 

ligands bound to Co on surface. (b) During the TBA half-cycle, tBuNH2 exchanges with 

tBu2(DAD) ligands. (c) tBu2(DAD) ligands desorb from surface, leaving behind metal surface with 

the N atom in tBuNH2 coordinated to Co metal. (d) tBuNH2 subsequently desorbs from the surface, 

leaving behind Co metal. 
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Figure 3.2: SEM of 200 Cycles of Co(tBu2DAD)2 + TBA at 180°C on a Patterned Cu/SiO2 

structure. (a) Top-down SEM of Cu/SiO2 pattern showing ~85nm wide Cu (light gray) stripes 

deposited planar to SiO2 (dark gray) prior to deposition of Co by ALD. Before deposition, 18% 

Cu and 34% Si are observed by XPS. (b) After 200 cycles (with 8x pulses of Co and 5 second 

pump-out times) on the unpassivated sample, unwanted Co nuclei are observed close to the Co/Cu 

stripes. XPS quantification shows 22% Co and 20% Si on the unpassivated surface, suggesting 

significant coverage of unwanted nuclei attenuating the Si signal. (c) On a passivated sample, the 

density of unwanted nuclei is 4x lower and more uniform. XPS quantification shows 13% Co, with 

33% Si signal, consistent with less Co coverage over the passivated SiO2 surface. 
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Figure 3.3:  SEM and nuclei distance distribution from stripes on passivated vs unpassivated 

Cu/SiO2 pattern after Co ALD. Co is light grey and SiO2 dark grey in SEM images above. Below, 

nuclei counts are plotted in bins of 50 nm. (a) After 200 cycles on the unpassivated sample, there 

is a decay in nuclei density until the middle of the alley. (b) On a passivated sample, the density 

of unwanted nuclei is lower and more uniform across SiO2. 
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Figure 3.4:  Nucleus size distribution on passivated vs unpassivated Cu/SiO2 striped 

pattern after Co ALD. Nuclei areas are plotted in bins of 50 nm2. (a) Unpassivated surface (b) 

Passivated surface. 
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Figure 3.5:  Nuclei quantification in confined Cu/SiO2 pattern of 200 cycles of Co ALD with 

and without insulator passivation. The Cu stripes are grey and the SiO2 areas are black. (a) 

Without passivation, 186 nuclei/µm2 are observed with an average size of 470 nm2 and 

positively-skewed distribution. (b) With passivation, 33 nuclei/µm2 are observed with a similar 

distribution centered around a larger mean nucleus size. 
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Figure 3.6:  Effect of dose and pump-out time during Co ALD on a patterned Cu/SiO2 

sample without insulator passivation. The Cu stripes are grey and the SiO2 areas are black. 

Increasing pump-out time has a strong effect on nuclei density in the large open SiO2, areas but a 

weak effect on nucleation density on the narrow SiO2 regions between the metal strips. The dose 

of Co(tBu2DAD)2 in each cycle was then reduced by 4x, with near perfect selectivity with 2x 

pulse and half the growth rate. Raw SEM images and XPS spectra of the above samples are 

included in Supporting Information as Figs. S13 and S17 for the 8x Co pulse/20s pump-out time 

condition; S12 and S16 for the 8x Co pulse/5s pump-out time condition; and S18 and S20 for the 

2x Co pulse/5s pump-out time condition, respectively. 
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Fig. 3.7:  Mechanism of excess Co(tBu2DAD)2 precursor surface diffusion onto insulator. 

(a) Dosing of Co(tBu2DAD)2 precursor onto both metal and insulator surfaces, with precursor 

binding to metal  while only physisorbing on insulator. (b) Saturated metal surface with excess 

precursor being weakly-bound to surface and free to diffuse. (c) Diffusion of excess precursor 

off saturated metal surface onto insulator. (d) Co nuclei formed on insulator defects - excess 

precursor diffusing across the insulator will bind with the nucleus in addition to dosed precursor. 
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Figure 3.8:  TEM of 200 Co ALD cycles with varying pump-out time and dose without 

passivation. The Cu stripes are dark grey and the SiO2 areas are white. (a) With 8 pulses of Co 

precursor per cycle, and 5s pump-out time, unwanted nucleation density is high. (b) Reducing Co 

pulse count to 2 pulses/cycle with 5 s pump-out time lowers the growth rate (c) Increasing the 

pump-out time from 5s to 20s for 8 pulses of Co precursor per cycle improves unwanted 

nucleation density, but higher precursor does not eliminate unwanted nucleation. 
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Figure 3.9: TEM and XPS of 200 Co ALD cycles on a Patterned Cu/SiO2 sample with 

periodic anneal. TEM of the Cu stripes after deposition with Cu in dark grey and SiO2 in light 

grey. Co ALD was performed on an unpassivated surface. 8 pulses of Co precursor were dosed 

per Co half-cycle, followed by a 5 second pump-out. (a) Without periodic anneal, unwanted 

nucleation is observed on SiO2, with the Si signal in XPS being more attenuated than on the 

annealed sample. (b) After periodic anneals every 100 cycles, a denser film is observed, with the 

formation of bulges at stripe edges (red arrow) consistent with nanoscale reflow of Co. The 

periodically-annealed surface exhibited near-perfect selectivity, with no observed nuclei on the 

insulator (SEM images in Supporting Information Figs. S22 and S23, respectively). 
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Chapter 4 

Ruthenium atomic layer deposition with near-bulk resistivity for interconnects 

 

4.1 ABSTRACT 

Ruthenium is viewed as a promising alternative to Cu and Co interconnect metals at 

M0/M1 interconnect layers due to its lower effective resistivity in highly-confined layers and vias, 

as well as its resistance to diffusion into porous low-k dielectrics and to electromigration. Atomic 

layer deposition (ALD) of Ru has been reported with a variety of precursors, but the search for a 

Ru ALD process with a close-to-bulk resistivity is ongoing. In this work, Ru films with close-to-

bulk resistivity were deposited using Ru(CpEt)2 + O2 as well as a two-step ALD process using 

Ru(DMBD)(CO)3 + TBA (tertiary butyl amine) to nucleate and Ru(EtCp)2 + O2 to increase film 

thickness. In-situ X-ray photoelectron spectroscopy (XPS) showed the grains were oxygen free 

while X-ray diffraction (XRD/XRR) and transmission electron microscopy (TEM) showed grain 

diameters approaching film thickness with sharp, nearly vertical grain boundaries. The data are 

consistent with ALD forming an intermediate RuO2 which facilitates diffusion and no carbon 

incorporation to form large grains while the high temperature deposition results in an oxygen-free 

film. The grain structure evolves during growth so that the grain sizes at the top and bottom of the 

films are nearly identical. 

 

4.2 INTRODUCTION 

Due to its low bulk resistivity, copper has been used as the interconnect and via metal of 

choice in VLSI process nodes since the early 2000s [1] [2]. However, as transistor density 

continues to increase, via width continues to decrease, and at small dimensions (~<10nm), the 

mean free path of electrons in Cu is larger than the layer thickness, resulting in increased electron 
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scattering that contributes to an increase in resistivity [3]. In addition, present Cu interconnects 

and vias require a thin diffusion barrier layer, typically TiN or TaN which have much higher 

resistivities than Cu, to prevent migration of Cu into the dielectric layer [4] [5]. Due to this barrier 

layer, a much higher fraction of the via width is taken up by the barrier in narrower vias, further 

increasing resistance due to the higher resistivity of the barrier [6]. Ru, with an electron mean free 

path of 6.6 nm compared with 40 nm for Cu, maintains its bulk resistivity to much narrower via 

widths due to reduced scattering [7]. In addition, Ru shows higher resistance to electromigration 

and can potentially be used without a barrier layer, filling the entire via with the lower-resistivity 

metal and decreasing via resistance [8]. Due to this high electromigration resistance, reduction of 

the effect of thickness on resistivity compared to Cu, and etching by a non-halogen (oxygen), Ru 

has been proposed for the emerging semidamascene process, in which a blanket metal film is 

deposited, holes are etched, and the holes are filled with dielectric followed by CMP [9].  

Ru can be deposited in a variety of methods such as DC sputtering [10] or chemical vapor 

deposition (CVD) [11], but special focus is placed on atomic layer deposition (ALD) for 

interconnect applications due to its thickness controllability and the potential to exploit differences 

in surface reactivity for area-selective ALD [12] [13]. Ru thermal ALD has been reported with a 

variety of Ru(II) based precursors such as RuCp2 [14] and Ru(EtCp)2 [15], as well as zero-valent 

Ru compounds like EBECHRu [16]. Typically, these reactions are run around 300-360 °C with O2 

as a co-reactant, where combustion reactions with the organic ligands leave behind metallic Ru 

with resistivities roughly 1.5-2x that of bulk Ru. However, many of these processes also result in 

long nucleation delays which can result in rough films and reduce controllability [17]. Lower-

temperature processes with shorter or zero nucleation delay have also been reported using 

Ru(DMBD)(CO)3 + tertiary butyl amine (TBA) and other non-oxidizing co-reactants, but these 
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films result in higher resistivity compared with the high-temperature processes [18].  

In this study, the resistivities for ALD Ru films as thin as 12 nm are reported that are close 

to bulk resistivity. To overcome the slow nucleation of Ru(EtCp)2 + O2, a two-step ALD was 

performed in which nucleation was promoted by Ru(DMBD)(CO)3 + TBA, with additional Ru 

deposited using the Ru(EtCp)2 + O2 ALD process. The films were characterized using in-situ X-

ray photoelectron spectroscopy (XPS) for in-situ chemical analysis. X-ray diffraction and 

reflectometry (XRD/XRR) to determine film thickness and grain structure, atomic force 

microscopy (AFM) for film roughness, and scanning electron microscopy (SEM) and transmission 

electron microscopy (TEM) for film morphology and cross-sectional chemical analysis. The two 

step ALD process was found to have the lower resistivity associated with the Ru(EtCp)2 + O2. The 

ultra-low resistivity films correlate with large grain size consistent with ALD having a surface 

intermediate (RuOx) which can readily diffuse on the growth surface to form large grains. 

 

4.3 EXPERIMENTAL METHODOLOGY 

In this report, Ru ALD was performed by two processes at high and low temperature. The 

high temperature process employed Ru(CpEt)2 (“CpEt process”, EMD Electronics) with 10% O2 

and 90% He carrier gas as a co-reactant. The low-temperature process employed Ru(DMBD)(CO)3 

(“DMBD process”, EMD Electronics) with tert-butyl amine (TBA) as co-reactant to avoid any 

substrate oxidation. Both precursors were heated to allow sufficient vapor pressure, with the 

Ru(CpEt)2 heated to 80 °C and the Ru(DMBD)(CO)3 heated to 50 °C. Experiments were carried 

out in a custom-designed multi-chamber (Fig. 4.1) consisting of a load-lock chamber, two cold-

wall (~120 °C) deposition chambers to the high and low-temperature processes respectively, and 

a UHV chamber (base pressure ~10-10 Torr) containing the x-ray source and hemispherical 
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analyzer used for XPS. 2 mm wide sample coupons were used to facilitate simultaneous deposition 

on multiple substrates. Prior to deposition, samples were degreased using acetone, methanol, and 

DI water, then dipped in 0.5% HF solution for 30 seconds, followed by a 30 minute 350 °C UHV 

anneal at ~10-8 Torr to remove adventitious carbon using a pyrolytic boron nitride heater. 

The deposition chambers were pumped via turbomolecular pump (Pfeiffer TMP-151C for 

the low-temperature chamber, base pressure ~10-6 Torr; Edwards EPX-500NE for the high-

temperature chamber, base pressure ~10-6 Torr) to minimize background contamination during 

deposition. Each chamber contained a manipulator arm compatible with the sample holder for XPS 

and with an embedded cartridge heater external to the chamber to avoid any potential shorting of 

heater leads during deposition as well as hot wire CVD. The CpEt process was performed at 330-

360 °C deposition temperature at a pressure of ~1 Torr, while the DMBD process was performed 

at 160-180 °C at a pressure of ~1 Torr. To determine if substrate selectivity was present, several 

substrates including SiO2, HF-cleaned Si, low-k dielectric (SiCOH), Cu, and W substrates were 

used. After deposition, samples were transferred in-situ to the attached UHV chamber for XPS. A 

monochromatic XM1000 Mk. II/SPHERA system (Scienta Omicron) was used to collect XPS 

spectra with an Al kα source at 1486.7 eV at an angle of 60° with respect to the sample surface 

normal. An analyzer pass energy of 50 eV and linewidth of 0.1 eV were used, and quantification 

was performed using CASA XPS 2.3 software with raw peak areas corrected using the Scofield 

relative sensitivity factors and Shirley background subtraction [19]. Due to the overlap of the C1s 

and Ru 3d3/5 peak positions, quantification of C is complicated by the need to deconvolute the two 

signals, with the difference in relative sensitivity factors between Ru and C resulting in large 

uncertainties. Morgan [20] employed an asymmetric peak fit with empirically determined 

parameters to provide a closer fit for Ru 3d3/5, but the lack of an in-situ ion gun for surface 



77 

contamination sputtering before XPS prevents the determination of these parameters on a known-

pure Ru surface. 

After deposition and in-situ analysis, samples were removed and 4-point-probe (Ossila 

Four-point-probe System, Ossila, Ltd.) measurements were performed on Ru films of 6 mm x 2 

mm with a probe spacing of 1.27 mm, corresponding to a geometric sheet resistance correction 

factor of 0.34 to account for the narrow sample dimensions [21]. Resistivity measurements were 

also independently performed using a Jandel linear four-point probe with 1 mm inter-probe 

spacings and a corresponding geometric correction factor of 0.4297 to convert the obtained 

resistance values to sheet resistance. XRD measurements were performed on the films to determine 

grain orientation and size using the Scherrer approximation [22] [23] [24]. X-ray reflectivity 

(XRR) analyses were performed using a PANalytical X'pert PRO MPD system with a Cu source 

and a parabolic mirror yielding a parallel beam with a <0.055° divergence. -2 scans were 

performed at shallow angles, 0.2–5.0 and the resulting data comprising of thickness oscillations 

was fit to the Parratt formalism for reflectivity using the PANalytical X'pert Reflectivity software. 

The fitting yields the layer thickness and density [25] [26]. Hayes et. al. showed that a post-

deposition forming gas anneal (FGA) can be used to further improve the resistivity of the film 

[27], so these measurements were repeated for samples after a 30 minute 450 °C FGA, and SEM 

and AFM were used to inspect the morphology of the surface. Finally, TEM of the deposited Ru 

films on SiO2, W, and Cu was performed to obtain cross-sectional chemical profiles by energy-

dispersive spectroscopy (EDS). 

  



78 

4.4 RESULTS & DISCUSSION 

4.4.1 High-temperature Ru ALD with Ru(CpEt)2 + O2 

A study was first performed using the cyclopentadienyl-based Ru precursor, Ru(CpEt)2 

with O2 as a co-reactant. SiO2, Si, and low-k dielectric were first loaded and annealed in UHV as 

described above, followed by 100 cycles of Ru ALD by alternating pulses of Ru(CpEt)2 and O2. 

The maximum pressure in the chamber was limited to maintain high pumping speed and protect 

the turbomolecular pump; this was accomplished by using multiple doses during each half-cycle, 

with chamber pressure during dosing rising to around 10 mTorr for Ru(CpEt)2 and ~1 Torr O2/He 

(O2 partial pressure ~100 mTorr). Deposition was carried out at 330 °C with pump-out times 

between half-cycles of 50 seconds for Ru(CpEt)2 and 30 seconds for O2 to give enough time for 

precursor to desorb from the walls after dosing, avoiding any potential gas-phase reactions leading 

to CVD-like growth. 

Fig. 4.2 illustrates a step-by-step comparison of the surface elemental composition as 

measured by XPS. Increments of 100 ALD cycles were performed, with significant nucleation 

delay occurring on all three samples. Previous studies with the Ru(CpEt)2 precursor have noted a 

high nucleation delay, typical of other high-temperature O2-based processes [15]. Comparison of 

the substrates showed that this nucleation delay was significantly longer on the Si substrate than 

on SiO2 or the low-k dielectric. On SiO2 after 300 ALD cycles, the Si XPS signal decreased to 6%; 

using the Thickogram method of thickness estimation [28], assuming a uniformly thick film, this 

corresponded to a Ru layer 1.7 nm thick. After 500 total cycles on SiO2, the substrate signal is sub-

1%, implying a film thicker than 3 nm.  

On HF-cleaned Si, nucleation was still poor after 500 cycles, with sub-monolayer coverage 

persisting even after 500 cycles. On the low-k dielectric, an intermediate nucleation delay was 
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observed, with a near-monolayer (~0.3 nm) coverage after 400 cycles. Yim et. al. proposed that 

nucleation of Ru is enhanced by the presence of reactive hydroxyl groups on the surface, and these 

results were consistent with only a trace amount of hydroxyl groups on the low-k SiCOH substrate 

as well as an even lower density of hydroxyl groups on HF-cleaned Si. [17]. 

After the nucleation study, an additional 500 cycles of Ru were deposited to provide a film 

thick enough for a bulk resistivity measurement. Fig. 4.3a) shows the XPS quantification of the 

resulting 1000 cycle process on SiO2, Si, and low-k dielectric. All three substrates were fully 

attenuated in XPS, consistent with a continuous Ru film >5nm thick, with oxygen levels remaining 

around the noise floor (<1%). After deposition, four-point-probe measurements resulted in a sheet 

resistance of 1.2 Ω/□ on SiO2, corresponding to a resistivity of 6.5±0.4 µΩ·cm. The latter is 

obtained using a thickness of 53±3 nm, determined from XRR measurements shown in Fig. 4.3d). 

The XRR fitting also provides a value for the surface roughness of 3.6±0.5 nm, in reasonable 

agreement with the AFM analysis presented below. Fig. 4.3b) shows the XRD pattern of the Ru 

film deposited on SiO2 with distinct Ru (100), (002), and (101) peaks, consistent with the 

formation of a polycrystalline film with grain sizes of roughly 27 nm for the (002) orientation. It 

is noted that typical reported values of Ru bulk resistivity vary, but range from 7.1-7.8 µΩ·cm to 

values as low as 5.8 µΩ·cm for electron transport in the hexagonal axis. [25] [29]. As the (002) 

plane is perpendicular to the hexagonal axis, this is consistent with the observed resistivity value. 

This has the potential to be useful for the emerging semi-damascene process as the lowest 

resistivity transport direction is the vertical direction of the via [9]. Fig. 4.3c) shows an AFM image 

over a 2x2 µm region on the SiO2 film showing a root-mean-square roughness of 2.4 nm which is 

small compared to the thickness of the film. 

After the full 1000 cycles, a C content of 20-22% was observed on all three substrates; note 
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this is just surface carbon from residual ligands not bulk carbon. Fig. 4.4 shows the high-resolution 

scan of the binding energies corresponding to Ru 3d for Ru and C 1s for C during the saturation 

study and after 1000 cycles. Fig. 4.4 shows the XPS spectra for the first 500 cycles on SiO2. After 

the initial UHV anneal, a small peak at 285.3 eV corresponding to adventitious C remaining after 

anneal was present. Depositing 100 cycles of the Ru(CpEt)2 + O2 process at 330 °C, a split-peak 

corresponding to Ru 3d appeared, with the 3d5/2 spin orbit split centered at 280.5 eV. With an 

additional 100 cycles, the Ru 3d peak further shifted to 280.9 eV, corresponding to the reported 

value for RuO2 [20]. After 300 total cycles, the peak shifted back to 279.8 eV, the value reported 

for metallic Ru, and remained at 279.8 eV after 1000 total cycles deposited. As mentioned above, 

precise C quantification with Ru present was complicated by the direct overlap between the C1s 

and Ru 3d3/2 peaks, with the Ru peak having a significantly higher relative sensitivity factor. Small 

changes in the measured C 1s fit on the high-energy shoulder of the Ru 3d3/2 peak can significantly 

change the calculated amount of carbon. Therefore, cross section TEM-EDX is used below to 

better quantify the carbon in the Ru film. 

 

4.4.2 Effect of substrate during high-temperature Ru ALD 

As the intended purpose of Ru metallization is to serve as a low resistance via between 

interconnect layers, compatibility with other used metals is key. Fig. 4.5 demonstrates the 

deposition of the low-resistance Ru film using the CpEt process on SiO2, Cu, and W substrates. 

After the first 200 cycles of Ru ALD at 340 °C, the W substrate was fully attenuated, compared 

with a 4% Si signal consistent with a ~2 nm film thickness on SiO2. However, on the Cu substrate, 

growth appeared to be significantly slower, with an estimated 0.3 nm film thickness using the 

Thickogram method [28]. An additional 300 cycles deposited resulted in complete coverage on 
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both SiO2 and W, but significant Cu signal remains, with an estimated thickness of 0.5 nm 

assuming a uniform thin film. After deposition, the Ru film thickness on SiO2 was measured by 

XRR to be 30 nm with a sheet resistance of 2.7 Ω/□, for a resistivity of 8.1 µΩ·cm, slightly higher 

than the bulk value of Ru. 

Next, a TEM cross-section of each of the samples deposited above was performed. In Fig. 

4.6a) a Ru film with columnar grains was observed on the SiO2 substrate. By EDS, the average C 

content in the Ru film was estimated at 19%. Previous studies of Ru-C films showed a film 

resistivity of 110 µΩ·cm with a similar C concentration; as the Ru film deposited on SiO2 had a 

resistivity near the bulk level, this C content is likely to be overestimated [30]. XRD performed on 

the Ru film deposited on the SiO2 substrate showed an average crystallite size of 23 nm for the 

(002) orientation and 20 nm for the (101) orientation using the Scherrer approximation for 

crystallite size. 

To estimate the degree to which grains are arranged vertically, a 400nm long section of the 

film by TEM was visually inspected to count the number of grains, as well as their average lateral 

grain size (Fig. 4.6e). To estimate the degree to which the columnar grains are continuous to the 

top of the film, a count of grain boundaries was done at 5 nm, 15 nm, and 25 nm from the Ru/SiO2 

interface, showing a count of 23, 21, and 19 boundaries respectively. As the number of grain 

boundaries remains similar throughout the depth of the film, columnar grains are observed. 

Damayanti et. al. demonstrated the deposition of Ru films by DC sputtering at room temperature 

having columnar grains of around 5 nm width. After post-deposition annealing at 350 C for 30 

minutes, these grains increase in size to 10-15 nm [31]. Comparison of this result with the ALD-

deposited Ru films in this work, the grain sizes during ALD are around 2x larger. As the anneal of 

the DC sputtered Ru films was carried out for 30 minutes compared with the multiple-hour-long 
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high-temperature ALD processes, this result is consistent with the increased length of time at 

temperature during ALD encouraging larger grain growth. Estimation of the TEM grain sizes of 

the ALD Ru film showed an average grain size of 19 nm, compared with the 23 nm estimate by 

XRD for the (002) oriented grains. As this is smaller than the mean grain size determined by the 

Scherrer approximation with XRD, the discrepancy may be due to the lamella thickness including 

multiple grains, complicating the identification of grains by visual inspection. 

TEM of the Ru film deposited on W shown in Fig. 4.6b) was similar in morphology to the 

film deposited on SiO2, with a lighter layer visible below the Ru film. XPS of the pre-deposition 

substrate shows significant O content, implying this layer consists of WOx (x=2.5-3) native oxide 

instead of metallic W [32]. W native oxide is known to be etched by SF6 or CF4 plasma etchants; 

as no in-situ plasma etch was available, the pre-deposition HF clean was insufficient to remove 

the native oxide [33]. TEM of the Ru film deposited on Cu (Fig. 4.6c), however, showed significant 

intermixing of the Cu into Ru by TEM-EDS cross-section (Fig. 4.6d), as well as delamination from 

the Cu surface and void formation towards the top of the film. One hypothesis for this is the O2-

based process formed an oxide on the Cu surface before Ru nucleation has completely covered the 

substrate, inhibiting growth and resulting in poor film adhesion. 

To test this hypothesis, a 4 nm thick seed layer of Ru was first deposited on SiO2 and Cu 

surfaces by DC sputtering (Denton Vacuum) at 100 W, 2 mTorr, and 25 oC substrate temperature, 

followed by 300 cycles of Ru ALD at 360 °C with the Ru(CpEt)2 + O2 process. (see diagrams of 

structures in Fig 4.7a and 4.7b). Both substrates were Si (100) with a 300 nm thermal SiO2 layer, 

with the Ru PVD seed layer on the PVD Cu surface deposited by DC sputtering at 200 W, 2.5 

mTorr, and 25 oC substrate temperature.  

Fig. 4.7a) and 4.7b) also show top-down SEM images of the film after Ru ALD on the a) 
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PVD Ru/SiO2 and the b) PVD Ru/PVD Cu/SiO2 surfaces. Note that, for the PVD Ru/PVD Cu/SiO2 

sample, the Ru and Cu depositions were performed in the same sputter tool without a vacuum 

break to minimize any CuOx formation.  The ALD Ru film with PVD Ru seed layer on SiO2 

appeared uniform, without pinhole formation, while the Ru seed layer on PVD Cu/SiO2 showed 

voids in the Ru film. Comparison of this result with XPS is consistent with these voids being the 

underlying Cu surface. It was hypothesized that this is due to film de-wetting as a result of the 

difference in surface free energies of Ru (3.0 J/m2) and Cu (1.8 J/m2). To test this hypothesis, a 

sample was prepared with PVD W/SiO2 (diagram top of Fig. 7c) due to its similar surface free 

energy (3.2 J/m2) to Ru [34]. 600 cycles of ALD Ru were deposited via the CpEt process at 360 

oC on the PVD W/SiO2 substrate, and SEM of the ALD Ru layer showed a similar morphology to 

the ALD Ru film deposited on the PVD Ru/SiO2 layer, consistent with the surface free energy 

mismatch between Cu and Ru being the driving force for the formation of these voids. 

 

4.4.3 Low-temperature Ru ALD with Ru(DMBD)(CO)3 + TBA 

A study was performed to see if the de-wetting of ALD Ru from Cu could be bypassed by 

first depositing an Ru film with a low-temperature ALD process. This low temperature process 

has a second advantage even for deposition on SiO2 and W. As previously reported, the 

Ru(DMBD)(CO)3 + TBA process has zero nucleation delay even at deposition temperatures as 

low as 160 °C [18] [35]. Deposition was performed at a temperature of 150 to 160 °C through a 

turbomolecular pump for 50 ms at 100 mTorr during dosing of Ru(DMBD)(CO)3 and 15 ms at 1 

Torr while dosing TBA. Fig. 4.8 shows XPS quantification for the deposition of Ru using the Ru-

DMBD process at 150 °C after the first 100 cycles and after an additional 400 cycles for a total of 

500 cycles deposited. On SiO2 and Cu, the substrate was near-fully attenuated after the first 100 
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cycles, while SiCOH had a substrate attenuation consistent with sub-monolayer (~0.2 nm) 

coverage of Ru. After an additional 400 cycles, Cu and SiO2 were fully buried, but some SiCOH 

substrate signal remained consistent with ~2 nm film thickness. XRR measurement of the film 

deposited on SiO2 showed a film thickness of 23 nm and density of 7.3 g/cm3, with a sheet 

resistance of 79 Ω/□ for a resistivity of ~180 µΩ·cm. XRD showed no clear crystalline peaks, 

consistent with the observed high level of C in the film and the measured high resistivity. A 450 

°C forming gas anneal was then performed for 30 minutes, after which a sheet resistance of 11 

Ω/□ was measured. Thickness of the post-anneal film on SiO2 as measured by XRR was 12 nm 

and density of 11.9 g/cm3, consistent with a resistivity of 12.5 µΩ·cm. XRD of the post FGA film 

showed the presence of (002) and (101) grain orientations, with Scherrer-equation derived grain 

sizes of 11 and 12 nm respectively.  As shown below, this resistivity can be brought close to bulk 

by combining the Ru(DMBD)(CO)3 + TBA ALD with subsequent Ru(CpEt)2 + O2 ALD. 

 

4.4.4 Bi-layer Ru ALD Process with Ru(CpEt)2 and Ru(DMBD)(CO)3 

Due to the surface de-wetting issue with the high temperature Ru ALD process, it was 

hypothesized that first depositing a sufficiently thick layer of Ru using the low-temperature Ru-

DMBD process could act as a seed layer for the subsequent low-resistivity Ru-CpEt process. As a 

high level of C in the film along with a low film density were present after the DMBD process, an 

ex-situ 30 minute 450 °C forming gas anneal was first performed on the seed layer prior to 

deposition of Ru with the high-temperature CpEt process. This also avoided stress in the films 

from the densification of the DMBD seed layer while depositing low-resistivity Ru by the CpEt 

process.  Fig. 4.9a) shows the XPS data after 500 cycles of the Ru-DMBD process, ex-situ FGA, 

and the subsequent deposition of 300 ALD cycles of Ru by the CpEt process on SiO2 and Cu. After 



85 

the DMBD process, both substrates were near-fully attenuated. After the FGA, the apparent 

thickness of the Ru layer decreased from 2 nm to 0.4 nm on SiO2, and from 1.4nm to 0.7 nm on 

Cu. After 300 cycles of the CpEt process, the SiO2 substrate was again fully attenuated, but the Cu 

remained visible. 

After deposition, the film thickness on SiO2 was measured by XRR as 15.4 nm with a sheet 

resistivity of 6.5 Ω/□, corresponding to a film resistivity of 10 µΩ·cm, likely due to the higher 

resistivity of the DMBD-deposited Ru even after FGA. To further decrease the film resistivity, an 

additional 30 min 450 °C FGA was performed, decreasing the film resistivity to 8.2 µΩ·cm, a 

value 10% above that of bulk Ru. Fig. 4.9(b) shows both SEM images and AFM images of the 

film on SiO2 and Cu, where a smooth continuous film of sub-nanometer roughness was observed 

on SiO2. It is hypothesized that the post CpEt process induced the film from the DMBD process 

to adopt the favorable grain structure of the CpEt process. However, on Cu, the formation of voids 

in the film was again observed, with the addition of smaller pits likely due to the de-wetting of the 

film during the ex-situ FGA. AFM roughness of the Ru film on Cu was 2x that of the film on SiO2 

over a 2x2 µm region. 

Fig. 4.10a) shows an XRD scan of the Ru film deposited after a seed layer of the DMBD 

process at 160 °C, followed by an ex-situ FGA and afterward, the CpEt process at 360 °C. No 

post-deposition anneal was performed, and a sheet resistance of 3.5 Ω/□ was obtained. By XRD, 

intensities of both (002) and (101)-oriented grains were observed to be similar, with estimated 

grain sizes of 15 and 19 nm respectively.  

TEM was performed on the bi-layer samples to probe the chemical makeup and grain 

structure of the film bulk with and without a post CpEt forming gas anneal. In Figs. 4.10b) and c) 

TEM of the film showed a 23 nm thick Ru film devoid of O, with an average bulk C concentration 
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of 4.8% in the film compared with the value of surface carbon measured during XPS of 20%, 

highlighting the difficulty of obtaining an accurate fit for C 1s. Given the thickness measured by 

TEM and the measured sheet resistance, a resistivity value of 8.2 µΩ·cm was measured. In Fig. 

4.10d-e), this deposition was repeated with a post-CpEt process FGA for 30 minutes at 450 °C. 

Fig. 4.10d) shows a clear difference in intensities between the (002) and (101) peaks, with grain 

sizes estimated at 19 and 23nm respectively. Film thickness as measured by XRR was 23 nm, with 

a sheet resistance measured as 3.0 Ω/□, implying a resistivity of 6.9 µΩ·cm. Fig. 10e) contains a 

EDX line-trace of the film, showing zero O content in the film and C content at an average 2.4% 

in the film; since the film resistivity is very low, it is hypothesized this carbon is due to 

contamination during sample preparation of the thin lamella. The data is consistent with CpEt ALD 

process inducing the film from the DMBD process to adopt the favorable grain structure of the 

CpEt process as shown by the lack of any boundary in TEM between the DMBD and the CpEt 

layers and the large grains spanning the full thickness of the film. 

 

4.5 CONCLUSION 

Deposition of Ru films by ALD with resistivities close to the bulk value has been 

demonstrated by the use of a three-step process with a seed layer deposited by an oxygen-free low-

temperature Ru ALD process using DMBD and TBA, followed by a post-deposition forming gas 

anneal of the seed layer, and a thick, high temperature deposition to form large grains with the 

Ru(CpEt)2 + O2 process. Near-bulk resistivities have been obtained for 30 nm films deposited by 

the bi-layer process, with XRD confirming the presence of grains of a size close to the film 

thickness. Cross-sectional TEM shows the width of grains throughout the film thickness remaining 

constant within 20%, consistent with continuous grains spanning the full thickness of the film. 



87 

Comparison of this result with the measured low sheet resistance is consistent with the underlying 

Ru seed layer adopting the larger grain structure of the low-resistivity O2-based Ru ALD process 

after forming gas anneal, forming continuous large grains spanning the full film thickness, 

improving out-of-plane electron transport with a corresponding decrease in resistivity. With 

optimized ALD conditions, these low-resistivity processes have the potential to allow for viable 

Ru films in barrierless via-fills as well as for the interconnect layers themselves at the M0/M1 

level for metals with surface-free-energies close to that of the Ru such as W. However, further 

work remains to integrate the Ru films on top of existing Cu films without voids or impurities. 
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Figure 4.1: Chamber Schematic. XPS system with an attached load-lock and ALD chamber 

allows for in situ chemical composition characterization without exposure to oxygen.  
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Figure 4.2: XPS of Ru ALD nucleation at 330 °C with Ru(CpEt)2 + O2 on SiO2, Si, and 

SiCOH. On all three substrates, a significant nucleation delay was observed. a) On the SiO2 

substrate, a nucleation delay of ~200 cycles was observed. b) On Si substrate, growth was inhibited 

for the first 500 cycles, with sub-monolayer coverage persisting even after 500 cycles of 

deposition. c) On low-k dielectric, a nucleation delay of ~300 cycles was observed. 
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Figure 4.3: XPS/XRD/AFM of Ru ALD after 1000 cycles at 330 °C with Ru(CpEt)2 + O2 on 

SiO2, Si, and SiCOH. a) After 1000 cycles, all three substrates are fully covered by the Ru film, 

with oxygen levels below the noise floor. b) XRD shows relative intensities of the (002) and (101) 

peaks are similar. c) AFM over a 2x2 µm region shows a film RMS roughness of ~2.4 nm. d) 

Measured XRR intensity and curve fit, indicating a layer thickness d = 53 nm.  
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Figure 4.4: High-resolution XPS of Ru ALD nucleation at 330 °C with Ru(CpEt)2 + O2 on 

SiO2. After the first hundred cycles, Ru 3d peaks begin to appear, with the shoulder of the higher 

energy spin-orbit split overlapping C1s. With the addition of an additional 100 cycles, the Ru 3d5/2 

peak shifts to 280.9 eV, consistent with RuOx formation, but after a total of 300 cycles, the location 

of the Ru 3d5/2 peak returns to 279.8 eV and remains after additional cycles, consistent with 

metallic Ru. b) The peak fitting after 1000 cycles is shown, with the C shoulder centered at 285.7 

eV. Note that due to the difference in relative sensitivity factors between Ru 3d and C 1s, the C 

peak represents 20% composition. 
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Figure 4.5: XPS of Ru ALD at 340 °C with Ru(CpEt)2 + O2 on SiO2, W, and Cu. a) Substrate 

near-fully attenuated after first 200 cycles, and fully attenuated after 500 total cycles. b) Substrate 

is fully attenuated after first 200 cycles. c) Substrate remains visible in XPS even after 500 cycles. 
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Figure 4.6: TEM of Ru ALD at 340 °C with Ru(CpEt)2 + O2 on SiO2, W, and Cu. a) SiO2 

TEM. b) W TEM. c) Cu TEM and d) Cu EDS showing significant void formation and delamination 

from the underlying Cu surface along with Ru intermixing. e) Outline of grains across 400nm 

length of Ru film deposited on SiO2, showing mostly vertically-oriented grains. 
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Figure 4.7: XPS and SEM of Ru ALD with Ru(CpEt)2 + O2 on PVD Ru/SiO2, PVD W/PVD 

Cu/SiO2, and PVD W/SiO2 surfaces. a) ALD Ru on the PVD Ru seed layer on SiO2 showing a 

uniform surface, with oxygen below detection limit in XPS and no visible Si substrate. b) ALD 

Ru on the PVD Ru seed layer on the Cu surface showing the presence of Cu on the surface in XPS, 

with SEM imagery showing voids in the film after deposition. c) ALD Ru on the PVD W surface 

showing a similar morphology to the SiO2 surface after deposition, with a small amount of W 

consistent with pinholes formed due to incomplete native oxide clean. 
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Figure 4.8: XPS of Ru ALD with Ru(DMBD)(CO)3 + TBA on SiO2, Cu, SiCOH. a) SiO2 

substrate completely attenuated by Ru ALD, while on Cu and SiCOH substrates are near-fully 

attenuated. b) XRD of the film after post-deposition forming gas anneal at 450 C shows a mix of 

(002) and (101) oriented grains of 11 and 12 nm respectively. 
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Figure 4.9: XPS/SEM/AFM of Ru ALD with the dual ALD process: seed DMBD process + 

FGA + enhancement CpEt process on SiO2 and Cu. a) After 500 cycles of Ru ALD by the 

DMBD process at 155 °C, substrate attenuation was near-complete. The ex-situ 450 °C FGA 

caused a reduction in the film thickness, visible in XPS as increased substrate signal. Subsequently, 

300 cycles of the CpEt process were deposited at 360 °C. b) SEM showed a uniform surface on 

SiO2 compared with the surface of the Cu, which exhibited voids in the film due to de-wetting. 

AFM showed clear grains with sub-nanometer roughness on the SiO2, while pinholes were visible 

in the Cu surface. 
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Figure 4.10: XRD/TEM/EDX of Ru ALD with the bi-layer ALD process: seed DMBD process 

+ FGA + low-resistivity CpEt process on SiO2. a) Without a post CpEt-process FGA, the relative 

intensities of the (002) and (101) oriented grains are similar, with grain sizes of 15 and 19 nm 

respectively. b) TEM image of the film showing both plane orientations c) TEM-EDX shows a 

layer of Ru 24 nm thick, with no detectible O and 4.8% C average in the film. b) With a post CpEt 

FGA, the (002) peak is heavily dominant, with grain sizes of 19 nm and 23 nm respectively. TEM 

shows a clearly defined grain roughly the film thickness in size, with no detectible O and an 

average C content of 2.4%. 
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