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The TaSiO6 films, ~8Å thick, were formed by sputter deposition of Ta onto ultrathin SiO2 

substrates at 300 K, followed by annealing to 600 K in 2 torr O2. X-ray photoelectron 

spectroscopy (XPS) measurements of the films yielded a Si(2p) binding energy at 102.1 eV and 

Ta(4f7/2) binding energy at 26.2 eV, indicative of Ta silicate formation. O(1s) spectra indicate 

that the film is substantially hydroxylated.  Annealing the film to > 900 K in UHV resulted in 

silicate decomposition to SiO2 and Ta2O5. The Ta silicate film is stable in air at 300K. XPS data 

show that sputter-deposited Cu (300 K) displays conformal growth on Ta silicate surface 

(TaSiO6) but 3-D growth on the annealed and decomposed silicate surface. Initial Cu/silicate 

interaction involves Cu charge donation to Ta surface sites, with Cu(I) formation and Ta 

reduction. The results are similar to those previously reported for air-exposed TaSiN, and 

indicate that Si-modified Ta barriers should maintain Cu wettability under oxidizing conditions 

for Cu interconnect applications. 

XPS has been used to study the reaction of tert-butylimino tris(diethylamino) tantalum 

(TBTDET) with atomic hydrogen on SiO2 and organosilicate glass (OSG) substrates. The results 

on both substrates indicate that at 300K, TBTDET partially dissociates, forming Ta-O bonds 

with some precursor still attached.  Subsequent bombardment with atomic hydrogen at 500K 

results in stoichiometric TaN formation, with a Ta(4f7/2) feature at binding energy 23.2 eV and 

N(1s) at 396.6 eV, leading to a TaN phase bonded to the substrate by Ta-O interactions.   

Subsequent depositions of the precursor on the reacted layer on SiO2 and OSG, followed by 

atomic hydrogen bombardment, result in increased TaN formation. These results indicate that 



TBTDET and atomic hydrogen may form the basis for a low temperature atomic layer deposition 

(ALD) process for the formation of ultraconformal TaNx or Ru/TaNx barriers. 

The interactions of sputter-deposited ruthenium with OSG at 300 K have been studied by 

XPS for Ru coverages from ~ 0.1 monolayer to several monolayers, using in-situ sample transfer 

between the deposition and analysis chambers.  The results indicate Stranski-Krastanov (SK) 

type growth, with the completion of the first layer of Ru at an average thickness corresponding to 

1 monolayer average coverage. Ru(0) is the only electronic state present. XPS core level spectra 

indicate weak chemical interactions between Ru and the substrate.  A less pronounced tendency 

towards SK growth was observed for Ru deposition on parylene. Deposition of Ru on OSG 

followed by electroless deposition of Cu resulted in the formation of a shiny copper film that 

failed the Scotch® tape test.  Results indicate failure mainly at the Ru/OSG interface. 
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CHAPTER 1 

INTRODUCTION  

 

With the shrinkage of integrated circuit geometry, the resistance-capacitance (RC) delay 

in interconnects starts to become one of the major problems as the width of interconnect lines 

becomes < 1 µm [1, 2]. Strategies to reduce the delay include incorporating metals with lower 

resistivity and higher electromigration resistance, such as copper, and providing isolation with 

low dielectric constant materials [3]. Copper (Cu) is an attractive substitute for aluminum (Al) 

because it offers a lower resistivity (1.67 µΩ⋅cm versus 2.66 µΩ⋅cm for Al) and better 

electromigration resistance. Cu integration is challenged, however, by its rapid diffusion into 

silicon (Si) through silicon dioxide (SiO2) and poor adhesion to SiO2 [4]. The diffusion of Cu 

into Si results in adverse effects, including the increase of junction leakage currents and a 

degradation of oxide quality if it is present in device regions [5, 6]. Consequently, diffusion 

barriers and adhesion promoters that do not alloy with Cu, adhere well to both Cu and dielectrics, 

and exhibit electrical stability in high temperature are required for Cu integration [4, 7].  

Diffusion barriers such as tantalum (Ta), tungsten (W), ruthenium (Ru) and corresponding 

nitrides or carbides have been proposed as barriers [8-14]. The ability of Cu to wet, or grow 

conformally, on most surfaces during deposition is extremely sensitive to oxygen (O) 

contamination at the Cu/substrate interface. A partial monolayer of oxygen at the Cu/barrier 

interface will significantly degrade wettability and step coverage, and allow facile agglomeration 

at temperatures at or above 300K [8-10]. This sensitivity to low-level oxygen contamination 

poses a significant threat to processing reliability, since Cu deposition is typically not done under 

UHV conditions [4]. An air-stable diffusion barrier is desirable for Cu deposition.  
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At the same time, the signal processing times and signal cross talk between adjacent lines 

in ultra-large scale integrated (ULSI) circuits can be improved by replacing SiO2 with materials 

having low dielectric constants than that of SiO2 (κ  ~ 4). The surface chemical state and 

structure of low-κ dielectric materials are different from SiO2.  The potential for relatively poor 

adhesion between low k dielectric materials and barrier layers is one of the main issues involved 

in the integration of Cu and low k materials into a standard microfabrication process [15]. 

The studies presented in this dissertation focus on the interactions of diffusion 

barriers/adhesion promoters with Cu, SiO2 and low-κ dielectric materials. X-ray photoelectron 

spectroscopy (XPS) was used for surface analysis. Thin film deposition technologies used in 

these studies include DC magnetron sputtering and metal-organic chemical vapor deposition 

(MOCVD). These studies include: 

(1) Cu interaction with a Ta silicate surface: implications for interconnect technology. 

(2) Chemical vapor deposition of TaN with tert-butylimino tris(diethylamino) tantalum  

(TBTDET) and atomic hydrogen. 

(3) Ruthenium sputter deposition on organosilicate glass and on parylene: an XPS study 

of interfacial chemistry, nucleation and growth. 

This dissertation consists of four chapters. The first chapter provides background 

information on the fundamental interconnect integration, namely, role of RC delay, necessity of 

Cu and low-κ dielectric materials, diffusion barriers, thin film deposition methods, nucleation 

modes, as well as experimental methodologies. Chapter 2 presents the studies on Cu interaction 

with a Ta silicate surface and its implications for interconnect technology. Chapter 3 includes 

studies of chemical vapor deposition of tantalum nitride (TaN) with Tert-butylimino 
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tris(diethylamino) tantalum and atomic hydrogen.  Chapter 4 contains the study of ruthenium 

sputter deposition on organosilicate glass and on parylene. 

 

1.1. RC Delay 

 
With the shrinking of transistor size in integrated circuits (IC) to improve chip 

performance, speed and device density have increased. The effective measure of device 

performance or total circuit delay is a combination of two components – the switching time of an 

individual transistor, known as intrinsic gate delay, and the signal propagation time between 

transistors, known as interconnect (RC) delay [16-18]: 

RC =2ρκε0(4L2/P2+L2/T2),                                                                          (1-1)                                            

where R is metal wire resistance, C is intralayer dielectric (ILD) capacitance, ρ is metal 

resistivity, κ and ε0 are dielectric constant of the intralayer dielectric and vacuum respectively, L, 

T are the length and thickness of the conductor respectively, P is the distance between two 

conducting lines. 

For feature size below 1 µm, the intrinsic gate delay decreases continuously with 

decreasing size of the transistors and the RC delay becomes the dominant factor (Fig.1.1) [1, 2]. 

New materials are being utilized by industry to reduce the RC delay by either lowering the 

interconnect wire resistivity, or by reducing the dielectric constant of the ILD.  A significant 

improvement has been achieved by replacing the Al interconnects with Cu, which has ~30% 

lower resistivity than that of Al [2]. Since no other metal can offer lower resistance without other 

disadvantages (e.g., low electromigration resistance), Cu will remain the choice for interconnect. 

Therefore, further advances can be achieved by reducing the dielectric constant of the ILD, i.e., 

by replacing SiO2 with a low-κ material.  
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Fig. 1.1 Comparison of intrinsic gate delay and interconnect (RC) delay as a function of feature 

size. 

 

1.2. Copper Metallization for Interconnect Technology 

 

Al has been widely used in the past due to its relatively low resistivity, good corrosion 

resistance in air and the formation of stable Al/SiO2 interfaces [4, 19]. Despite these favorable 

characteristics, poor resistance to electromigration and hillock formation of Al leads to lower 

lifetime and shorts between levels. In addition, the need to lower interconnect delay (Fig. 1.1) 

has lead to the examination of other metals as replacements to Al [2, 4, 20]. 

A comparison of Al to some other lower-resistivity metals that are potential replacements 

is listed in Table 1.1. Applications of silver (Ag) and gold (Au) to replace Al have been 

suggested in the last three decades. Although Au has very low corrosion in the air, it is far more 

costly and has a higher resistivity and lower electromigration resistance than Cu [4, 20, 21]. The 
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advantage of Ag is its low resistivity, about 5% lower than that of Cu. However, it is more costly 

than Cu, has a poor electromigration resistance, and diffuses into SiO2 at a much faster rate than 

Cu, especially under electrical bias [4, 20, 21]. Cu is the best choice to replace Al due to its low 

resistivity, high melting point and high electromigration resistance [4, 20, 21]. Because Cu is 

more conductive than Al and smaller interconnect lines can provide the same current-carrying 

capability, Cu makes it possible to reduce the number of levels of metal and reduce the 

capacitance. However, several processing and reliability issues need to be addressed before Cu 

technology can be fully integrated with device manufacteruring.  Cu will react with Si very 

strongly to form Cu silicide at temperatures as low as 200�C, and the reaction is detrimental to 

the electrical performance of Si [22, 23]. Cu can also move easily through the oxide to the Si/O 

interface, under conditions of combined elevated temperature and electric field (“bias/thermal 

stress- BTS”) [5, 24]. For the low κ replacement of SiO2, the potential interaction between Cu 

and low κ materials is a serious reliability issue [25, 26]. Therefore, diffusion barriers that can 

block the Cu transport and adhesion promoters that can improve Cu adhesion are required for Cu 

integration into device manufacturing. 

 

Table 1.1 Properties of possible interconnect metals. 
 

Properties 
 

Cu Ag Au Al 

Resistivity 
(µΩ.cm) 

1.67 1.59 2.35 2.66 

Electromigration 
Resistance 

Very 
High 

Low High Low 

Corrosion in Air 
 

High High Very 
Low 

Low 

 



 6

 

1.3. Diffusion Barriers 

 
A diffusion barrier/adhesion promoter (Fig. 1.2) is very important for Cu–based 

metallization due to the high diffusivity of Cu into SiO2 and low k dielectric materials [4]. A 

successful diffusion barrier must form strong chemical bonds to the dielectric substrate and to 

Cu. The chemical bonding at these interfaces should be the result of self-limiting reactions, 

otherwise reactions will continue to occur with time and the properties of substrates, barriers and 

metals may be compromised. Thus the ultimate objective is to find an adhesion promoter that 

will also perform as a diffusion barrier. 

 

 

Fig. 1.2 Schematic diagram of a basic Cu interconnect structure. “ILD” is the intralayer 

dielectric: currently SiO2 or a lower k dielectric material. 

 

The refractory metals, and their binary and ternary compounds, such as Ta, W, Ru, 

molybdenum (Mo), vanadium (V), TaN and tantalum silicon nitride (TaSiN), have been widely 

ILD

Substrate
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Cu 

Diffusion Barrier 
/Adhesion Promoter

ILD
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ILD

Cu 

Diffusion Barrier 
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investigated as diffusion barriers [8-12, 26]. These refractory metals are not miscible with Cu at 

low temperature [4, 27, 28]. In addition, they have high melting points for thermal stability 

during processing [4, 27, 28]. 

Titanium (Ti) and titanium nitride (TiN) are widely used in Al-based interconnect 

systems [27, 29]. Unfortunately, they cannot provide enough Cu barrier performance since Cu 

and Ti form a bulk alloy, and a Cu grain boundary diffusion proceeds readily in TiN [30, 31]. 

For Cu-based interconnect systems, Ta-based diffusion barriers possess an inherent advantage 

over Ti-based barriers because Ta is thermodynamically stable with respect to Cu. Cu and Ta are 

almost completely immiscible up to their melting point and do not react [32]. In addition, the 

Ta/Si interface is stable up to ~920K [33]. TaN has been widely recognized as an attractive 

diffusion barrier due to its thermal stability and high conductivity [12-14]. Ta nitride is highly 

stable with respect to Cu due to the absence of Cu-Ta and Cu-N compounds [27]. Furthermore, 

the TaNx/Si interface is more stable than Ta/Si interface because higher activation energy is 

needed to dissociate Ta-N bond before silicide formation [27]. It has been shown that 

stoichiometric TaN fails through Cu diffusion along grain boundaries, but at a higher 

temperature than Ta [34, 35].  TaSixNy has been investigated as a diffusion barrier for Cu since 

being amorphous over a broad temperature range lacks grain boundaries that can act as diffusion 

pathways [10, 27, 36]. Addition of a third element into a Ta nitride matrix disrupts the crystal 

lattice and leads to the formation of a stable amorphous ternary phase TaSixNy with significantly 

higher recrystallization temperature than TaN.  

Ru-based materials are of growing interest as diffusion barriers for Cu due to ruthenium’s 

high melting point (2310°C) and immiscibility with Cu [11, 37]. It shows negligible solid 

solubility with Cu even at 900°C [32, 38]. Strong adhesion between Cu/Ru is confirmed by 
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scribe and tape-peel tests [11, 39]. Ruthenium is relatively noble, allowing for facile 

electrodeposition of Cu films [11, 37].  

 

1.4. Thin Film Deposition Methods 

 
In these studies, tantalum, copper and ruthenium depositions were performed by direct 

current (DC) magnetron sputtering deposition. Tantalum nitride was deposited by metal-organic 

chemical vapor deposition (MOCVD) using tert-butylimino tris(diethylamino) tantalum 

(TBTDET) as precursor.   

 
1.4.1. Physical Vapor Deposition (PVD) - DC Magnetron Sputtering 

 
The process of DC magnetron sputtering process is shown in Fig. 1.3. The electrons that 

are ejected from the cathode are accelerated away from the cathode.  A magnetic field is imposed 

in such a way that the electrons can be made to circulate on a closed path near the target surface. 

This high flux of electrons creates a high density argon (Ar) plasma from which Ar ions can be 

extracted to sputter the target material. The cathode (negative) potential attracts Ar ions from 

near the edge of the plasma region and they are accelerated across the cathode fall region to 

impinge on the cathode target, resulting in atoms of target materials ejected from the surface. 

Once sputtered, the target atoms travel until they reach the substrate. The principal advantage of 

this magnetron sputtering configuration is that a dense plasma can be formed near the cathode at 

low pressures so that ions can be accelerated from the plasma to the cathode without loss of 

energy due to physical and charge-exchange collisions. This allows a high sputtering rate with a 

low potential on the target, lower pressures and less gas incorporation into the sputtered film. 
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This DC sputtering cannot be used to sputter dielectric target materials, since charge buildup on 

the cathode surface will prevent bombardment of the surface.  

 

 
Fig. 1.3 The DC magnetron sputtering process. 

 

1.4.2. Chemical Vapor Deposition (CVD) 

 
PVD is not expected to be applied beyond 45 nm technology nodes due to the poor (non-

conformal) step coverage caused by the shadowing effect in the small feature size, high aspect 

ratio via geometries (Fig. 1.4a) [40]. Accordingly, CVD is of interest since it can provide more 

uniform (conformal) step coverage over high aspect ratio structures (Fig. 1.4b) [27, 40]. In CVD, 

the constituents of a vapor phase react at a hot surface (typically higher than 300˚C) to deposit a 

solid film. CVD process is schematically illustrated in Fig. 1.5.  Reactants are first transferred 
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from the reactor inlet to the deposition zone. Gas phase reactions can occur, resulting in the 

deposition of low molecular weight clusters and usually poor adhesion, low density and high-

defect film. If significant gas-phase reactions are avoided, film precursors and reactants are 

absorbed on the growth surface and surface reactions (heterogeneous) occur on the heated 

surface, following by surface migration of film formers and nucleation on the growth sites. By-

products of the surface reaction are then transported away from the deposition zone toward the 

reactor exit.  The sample surface chemistry, temperature and thermodynamics determine the 

compound deposited. The most favorable end product on the substrate is a clean, 

stoichiometricly-correct film. MOCVD is a CVD method, in which the precursor is a metal-

organic species. MOCVD can provide thickness control within one atomic monolayer [27, 40]. It 

has become a cost-effective manufacturing process for a variety of compound semiconductor 

devices [4, 27, 40]. 

 

 

Fig. 1.4 Deposition profiles of (a) PVD and (b) CVD. 

 

 

(a) PVD, Non-conformal (b) CVD, Conformal
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Fig. 1.5 Principle of CVD process. 

 

1.5. Low-κ Dielectric 

 
Since Cu has replaced Al and become the common metallization material, one of the 

main challenges to further decrease RC delay today is to replace SiO2 (κ ~ 4) with lower κ 

dielectrics [15]. Power consumption is another major concern for interconnects besides signal 

delay. The increasing frequencies and densities lead to a dramatic increase in power 

consumption. The dynamic power dissipation can be decreased by a lower wire capacitance, 

resulting from the low κ dielectrics [15, 41]. The low k dielectrics can also be used to reduce 

cross-talk noise between metal wires [4, 15, 41].   

The dielectric constant (κ), or relative permittivity (εr) is represented in equation: 

ε = εr ε0  = κε0   = (1+χe)ε0,                                                                                                           (1-2) 
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where ε0  is the permitivity of vacuum, and χe is the electric susceptibility, describing the 

tendency of a material to permit an applied electric field to induce dipoles in the material. The 

microelectronics community has adopted κ in contrast to the scientific community using εr. 

 Thermal stability is another important requirement for low k dielectrics.  Low k materials 

must be able to withstand the temperature up to 670-720 K for several hours during Cu 

metallization and the following annealing step to ensure void free copper deposits [4]. New low 

k materials should also have a lot additional properties (Table 1-2) related to performance and 

reliability for use as an intralayer dielectric material [42, 43].  

A low κ value relative to that of SiO2 (κ ~ 4) can be achieved by either compositional 

changes (e.g. less polarizable chemical bonds), or reduction of density through change of 

network structure (e.g. via addition of bulky terminal groups) or introduction of porosity [15]. 

Organosilicate glass (OSG, κ = 2.8-3.3) is one of the leading low-k materials for use as an 

intralayer dielectric [44]. The OSG schematic bonding structure is shown in Fig. 1.6. In OSG, 

CH3 terminal groups that cannot network are introduced in the silicate glasses to decrease 

dielectric constant. Replacement of O with organic groups also lowers the ionic contributions to 

κ. Typical densities of OSG are between 1.2 and 1.4 g/cm3, much lower than that of SiO2 (2.1-

2.3 g/cm3) [15]. The κ value of OSG (κ = 2.8-3.3) depends on the number of CH3 groups 

because they lower both polarity and density of the material by steric hindrance [44]. The surface 

chemical state and structure of OSG are different from SiO2. Potential relatively poor adhesion 

between low k dielectric materials and barrier layers is one of the main issues when low k 

materials are integrated into a standard microfabrication process [15].  
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Table 1.2 Requirements for low dielectric constant intralayer-dielectric materials. 

Low κ dielectrics properties Value 

Dielectric Constant < 3 

Thermal Stability >400°C 

Adhesion (to metal, self-adhesion) Pass tape test after thermal cycles to 450°C 

Breakdown Strength >2 MV.cm-1 

Moisture Adsorption <1% 

Etch Rate >3nm/s 

Chemical Strong acid/base resistance, no solvent 

adsoption 

Gap Fill No voids at 0.35 µm, aspect ratio = 2 

 

 

Fig. 1.6 OSG schematic bonding structure. 
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1.6. Nucleation Modes Characterized by XPS 

 
The thermodynamics of the growth mode of film on the substrate can be expressed by the 

surface energy criteria [45], as a balance between the free energies of the film, substrate and 

interface (γF, γS and γFS, respectively) : 

∆γ = γF + γFS - γS.                                                                                              (1-3) 

∆γ < 0 will favor the covering over the substrate by spreading of the condensate film (i.e. the 

film “wets” the substrate), leading to the layer-by-layer growth (Frank - van der Merve, or FM) 

Mode. If the lattice spacing of the film and substrate are different, there will be an increase of 

strain and the value of ∆γ with film thickness under epitaxial growth conditions. To release the 

strain, the growth mode transforms from layer-by-layer growth to islanding after the formation of 

the first (usually) 1-3 monolayers. This is known as Stranski - Krastanov, or SK mode.  ∆γ ≥ 0 

will favor the non-wetting or 3D islanding growth (Volmer - Weber, or VW) mode.   

XPS can be used to characterize the growth mode of an overlayer on a substrate [46-48]. 

The change in metal film and substrate XPS intensities with deposition time, the so-called 

“uptake” curve, is used to analyze the growth modes. Typical uptake curves for the three growth 

modes are shown in Fig. 1.7. The FM growth mode (Fig. 1.7a) typically has a plot with several 

breakpoints, with each breakpoint indicating the completion of a monolayer. The SK growth 

mode (Figure 1.7b) is characterized by one or two breaks, followed by level off at higher 

coverage. There are no further breaks when islanding occurs with the increase of metal 

deposition. For VW growth (Fig. 1.7c), the uptake curve increases linearly with no changes or 

breaks in slope.   
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Fig. 1.7 Intensity vs. time plots of (a) Frank−Van der Merwe (layer-by-layer); 

(b) Stranski−Krastanov (monolayer then islanding) and (c) Volmer−Weber (islanding) growth. 

 

1.7. Experimental Aspects 

 
1.7.1. Apparatus 

 

The combined XPS/PVD/CVD system used in this study is shown schematically in figure 

1.8.  The UHV main chamber (with a base pressure of 7 x 10-10 torr after bake out) is equipped 

with a hemispherical analyzer (VG AX100), an unmonochromatized Mg/Al x-ray source (PHI) 

for XPS and Ar+ sputter-cleaning capabilities (PHI). PVD/CVD chamber (with a base pressure of 

1 x 10-8 torr after bake out) is isolated from the analysis chamber and sputtering target/sample 

distance is adjusted so that an appropriate deposition rates can be achieved. 

Substrate(S)Substrate(S)

Metal(M)

Substrate(S)

M
/S

 X
PS

 In
te

ns
ity

Deposition Time

(a) (b) (c)

1st 
layer

2nd 
layer

3rd 
layer

1st 
layer

Metal(M)

Substrate(S)Substrate(S)

Metal(M)

Substrate(S)

M
/S

 X
PS

 In
te

ns
ity

Deposition Time

(a) (b) (c)

1st 
layer

2nd 
layer

3rd 
layer

1st 
layer

Metal(M)



 16

Fig. 1.8 Combined XPS and DC magnetron PVD/CVD apparatus. 

 
1.7.2. X-Ray Photoelectron Spectroscopy (XPS) 
 
 

XPS is performed by analyzing the energy distribution of photoelectrons emitted from a 

solid surface as a result of X-ray excitation.  The process of XPS emission is shown 

schematically in Fig. 1.9. Photons with sufficient energy strike the surface and are absorbed, 

resulting in ionization and emission of core (inner shell) electrons.  The kinetic energy (KE) of 

the electron is dependent on the photon energy of the X-ray employed and not an intrinsic 

material property. The binding energy of the electron (EB) is a parameter identifying the electron 

specifically in terms of its parent element and atomic energy level. The binding energy of the 

electron is given by [49]: 

EB = hv - KE- ϕs,                                                                                                    (1-4) 
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where hv is the energy of the incident X-rays and ϕs is the spectrometer work function (a 

constant for a given analyzer). As all these three parameters are known or measurable [49], the 

binding energy can be determined using Eq. (1-4).  

 

Fig. 1.9 The XPS emission process for a model atom. 

 
X-ray photoelectron spectroscopy requires an X-ray source, electron energy analyzer, 

electron detector and a recorder.  The choice of anode materials for the X-ray source must obey 

two rules [50]. First, the source must have high enough photon energy and intensity for sufficient 

core electrons to be photoejected from all elements. Second, the source must possess narrow X-

ray line width that will not broaden the resultant spectrum excessively. Al Kα (1486.6eV), Mg Kα 

(1253.6eV) or monochromatic Al Kα (1486.7eV) X-ray sources [49] are usually used due to their 

relatively narrow linewidths and high photon energies. Bombarding an Al or Mg anode material 

with high-energy electrons generates X-rays. The electrons are emitted from a thermal source, 
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usually in the form of an electrically heated tungsten filament.  An electron energy analyzer 

measures the kinetic energy distribution of the emitted photoelectrons.  A concentric 

hemispherical analyzer (CHA) (Fig. 1.10), otherwise known as hemispherical sector analyzer 

(HSA) is currently the most popular analyzer.  There is a gap between a pair of concentric 

hemispherical electrodes for the electrons to pass. The lens between the sample and analyzer 

retards the photoelectrons to produce sufficiently high resolution, and focuses photoelectrons 

emitted from the substrate onto the entrance slit to the analyzer.  A potential difference is applied 

across the two hemispheres with the outer voltage being more negative than the inner one. The 

kinetic energy of the electrons that reach the detector is given by [50]: 

E=ke∆V,                                                                                                            (1-5) 

where e is the charge on the electron, ∆V is the potential difference between the hemispheres and 

k is the spectrometer constant and equal to R1R2/(R2
2-R1

2) (R1 and R2 are the radii of the inner 

and outer hemispheres, respectively). Fixed analyzer transmission (FAT), sometimes known as 

constant analyzer energy (CAE) is a popular operation mode for CHA [50]. In the FAT mode, 

absolute resolution (∆E) is constant and electrons are accelerated or retarded to a user-defined 

energy that the electrons possess as they pass through the analyzer (Pass Energy Ep). Only 

electrons with energy E= Ep +∆E can pass through the spectrometer. The energy resolution 

(±∆E) is fixed across the entire spectrum by retarding the electrons to a constant kinetic energy. 

Channel electron multipliers (channeltrons) are used to count the electrons arriving at the 

detector [50]. They consist of a glass tube with a collector at one end and an anode at the other. 

The internal surface of the detector is coated with a material that will emit many secondary 

electrons when hit by an electron with an energy more than the threshold kinetic energy. When a 

large potential difference is applied across the channeltron, each electron arriving at the detector 
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will typically result in ~108 electrons reaching the anode.  Channeltrons can detect up to 3*106 

counts/s [50]. A computer based recorder plots the number of detected electrons versus the 

binding energy in the resulting spectrum.  

 

Fig. 1.10 Schematic drawing of an X-ray photoelectron spectrometer. 

 

For every element, there will be a characteristic binding energy associated with each core 

atomic orbital, resulting in a characteristic set of peaks in the photoelectron spectrum [49, 50]. 

The exact binding energy of an electron depends on the level from which photoemission is 

occurring, the formal oxidation state of the atom, and the local chemical and physical 

environment. Changes in any of these give rise to a small shift in the peak positions (chemical 

shift) in the spectrum.  A higher binding energy of the core-level photoelectron is generally 
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observed for an atom of a higher positive oxidation state due to the extra coulombic interaction 

between the photo-emitted electron and the ion core [50]. Variations in the binding energies 

arising from differences in the chemical potential and polarizability of compounds can be used to 

identify the chemical state of the materials. XPS can also be used to identify and determine the 

concentration of the elements in the surface since each element has a unique set of binding 

energies [50]. 

XPS also provides a non-destructive analysis for compositional information as a function 

of depth. Angle resolved XPS (ARXPS) is shown in Fig. 1.11. The escape depth within the solid 

sample is proportional to λcosθ [50], where λ is the inelastic mean free path (IMFP) and θ is the 

angle between the sample surface normal and analyzer axis.  As θ increases, the effective 

electron escape depth decreases and the analyzed region becomes more surface localized, leading 

to an increase of the surface sensitivity. There are two advantages for ARXPS. First, it can be 

applied to films that are too thin to be analyzed by conventional depth profiling techniques or 

polymers that are irretrievably damaged by such methods. Second, unlike sputtering, it is a non-

destructive technique that can provide chemical state information. By comparing relative 

intensities at different θ, a species can be determined to be enriched or depleted in the surface 

region.  

X-ray sources also excite Auger electrons. The Auger process for the KLL transition is 

shown schematically in Fig. 1.12.  After the K level is ionized by the creation of a hole in the 

level K, the atom relaxes by filling the hole via a transition from higher level (with energy EL1). 

As a result of the transition, the energy difference (EK-EL1) becomes available as excess kinetic 

energy.  A fraction of this energy is given to another electron either in the same level or in a 

more shallow level (e.g. L23), whereupon the second electron is ejected. The kinetic energy (KE)  
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Fig. 1.11 Angle resolved XPS. 

 

of Auger electron is approximated by [49]: 

KE = (EK – EL1) – EL3.                                                                                (1-6) 

The Auger electron KE is independent of the exciting radiation and characteristic of the element 

in the sample. Chemical bonding information can be obtained from Auger peak energy positions 

and lineshapes in some cases, although the greater complexity of the Auger peaks often 

complicates the extraction of chemical information.  

 

Fig. 1.12  Schematic of the Auger process of a model atom. 
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CHAPTER 2 

 COPPER INTERACTION WITH A TANTALUM SILICATE SURFACE: IMPLICATIONS 

FOR INTERCONNECT TECHNOLOGY [1]* 

 
2.1. Introduction 

 

   A critical issue in copper (Cu) interconnect technology is the wetting and adhesion of Cu 

to the barrier substrate. Cu will wet — grow conformally — on many barrier surfaces (e.g., 

tantalum (Ta) and tungsten (W)) under ultra-high vacuum (UHV) conditions [2-4]. Cu 

wettability, however, is very sensitive to oxygen contamination; even a partial monolayer of 

oxygen at the Cu/barrier interface will significantly degrade wettability and step coverage, and 

allow facile agglomeration at temperatures at or above 300 K [2-4].  The sensitivity of Cu 

wetting to low-level contamination is of practical importance for reliable processing since Cu 

deposition is typically not done under UHV conditions [5]. Tantalum silicon nitride (TaSiN) is 

an exception to such behavior. Recent X-ray photoelectron spectroscopy (XPS) studies [2] have 

demonstrated that sputter-deposition Cu will wet air-exposed TaSiN at 300K. This is in 

agreement with scanning electron microscopy (SEM) studies [6] reporting superior Cu thermal 

stability on TaSiN relative to Ta and tantalum nitride (TaN) for deposition under non-UHV 

conditions.  XPS data of air-exposed TaSiN revealed a silicon (Si) (2p) binding energy of 102 eV 

[2], consistent with metal silicate formation [7].  

                                                 
* Reproduced with permission from [Zhao, X., Magtoto, N. P., Leavy, M. and Kelber, J. A., Thin 

Solid Films 415 (2002) 308]. Copyright [2004] Thin Solid Films. 
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           Silicate thin films are of increasing interest as high dielectric materials for gate oxide [8, 

9] and system-on-a-chip [10] applications. Although high dielectric materials in bulk form are   

suitable for interconnect applications due to capacitance-induced coupling between interconnects 

and resulting delays in signal propagation [11], the formation of an extremely thin silicate 

interface between Cu and the barrier substrate may not prove a hindrance.  Evidence of this is the 

finding that TaSiN [12] is a potential diffusion barrier with good electrical properties. 

In this study, we report the formation of Ta silicate and the Cu wetting behavior on this 

silicate film. The growth mode of a film on the substrate is governed by the surface free energies 

of the film (γF), substrate (γS) and film-substrate interface (γFS) according to Eq. (1-3) [13]. 

Wetting will occur for ∆γ<0. Since most surface free energies of metals (γF) are positive and 

larger than those of oxides (γS), γFS must be very large and negative for wetting to occur [13].  

            The data reported here demonstrate that Ta silicate films were formed by sputter 

deposition of Ta onto ultrathin silicon dioxide (SiO2) substrates at 300 K, followed by annealing 

in oxygen (O) (600 K, 2 torr). The XPS data of the films were characterized by an Si(2p) 

binding energy at 102.1 eV and Ta(4f7/2) binding energy at 26.2 eV, in agreement with findings 

for other silicate materials [2, 7]. Annealing Ta silicate films to > 900 K in UHV results in 

silicate decomposition to SiO2 and tantalum oxide (Ta2O5). Sputter deposition of Cu onto the 

unannealed Ta silicate substrate at 300 K results in the initial formation of Cu(I) and a linear 

increase in Cu signal vs. deposition time (uptake curve) until an average Cu thickness of ~1 Å is 

achieved.  At this point, the formation of Cu(0) is observed, coincident with a change in the slope 

of the uptake curve.  These findings are similar to those previously reported for air-exposed 

TaSiN [2]. 
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2.2. Experiment Details 

 

Experiments were carried out in a UHV main chamber equipped with a hemispherical 

analyzer (VG AX100), an unmonochromatized Mg/Al x-ray source (PHI) for XPS, argon (Ar) 

sputter capabilities (PHI), and a base pressure of 7 x 10-10 torr. All XPS data reported here were 

acquired at 25 eV constant pass energy. XPS data analysis was carried out using commercially 

available software (ESCA Tools) that utilizes Gaussian-Lorentzian functions and Shirely 

background subtraction to synthesize peak components [14]. XPS spectra were acquired with the 

sample aligned normal to the analyzer lens axis (normal emission) and at 60° with respect to the 

normal emission (grazing emission). Atomic concentrations were calculated with atomic 

sensitivity factors specific for the hemispherical analyzer (VG100 AX) and were obtained 

directly from the manufacturer (VG Microtech). Relative atomic concentrations were derived 

from the XPS intensities according to [15]: 

NA/NB = (IASB)/(IBSA),                                                          (2.1) 

where N, S and I are, respectively, the atomic concentrations, atomic sensitivity factors and XPS 

signal intensities. 

The film thickness dA was determined by the XPS intensity ratio of the film to substrate 

(IA/IB) [16] according to:  

                       IA/IB =( IA
∞/IB

∞)[(1-e-dA/(λAcosθ)
 )/e-dA/(λBcosθ)

 ],                        (2.2) 

where λA and λB  are the photoelectron inelastic mean free path (IMFP) in the overlayer and 

substrate, respectively,  dA is the thickness of the overlayer, and θ is the angle between 

photoelectron analyzer and sample surface normal. IA
∞ and IB

∞ are XPS intensities of infinitely 
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thick overlayer and substrate, respectively. IA
∞ and IB

∞ are usually unavailable, therefore 

sensitivity factors of the overlayer and substrate are normally used, which are proportional to IA
∞ 

and IB
∞. Calculated [17, 18] IMFP value for Si(2p) electrons in SiO2 is 31.3 Å.  For Cu 

overlayers, the Cu(2p3/2) intensity was monitored (λA= 19.8 Å). The calculated SiO2 and silicate 

thickness is thinner than the actual thickness due to the enhanced Si(2p) photoelectron emission 

of substrate along the Si(100) single crystal [16]. Previous study [19] has shown that the actual 

SiO2 and silicate thickness is larger than those calculated by ~43%. Therefore, the actual SiO2 

and silicate thickness obtained from multiplying the calculated thickness (Eq (2.2)) by 1.4, is 

reported in this study. 

The UHV main chamber was attached to a dual magnetron (Maxteck) sputtering chamber 

(base pressure 1 x 10-8 torr) capable of sputter depositing either Ta or Cu.  Sputter deposition 

was carried out using a commercial water-cooled magnetron source (MiniMak) and Argon 

plasma with a partial pressure of 15 mtorr of Argon. Argon of 99.999% purity, tantalum target 

of 99.999% purity and cooper targets of 99.999% purity were used for sputter deposition. The 

deposition rate could be controlled by adjusting the plasma power, with a constant power of 50W 

for Ta and 25W for Cu. Ta deposition rates of 0.2 Å/sec and Cu deposition rates of 0.2 Å/min 

were achieved, allowing a study of the film/substrate interface. All Ta and Cu depositions 

reported in this paper were done at room temperature (~300K). Sample temperature in either 

chamber could be varied between 100 K and 1300 K by a combination of liquid nitrogen cooling 

and resistive heating of the sample holders. A chromel-alumel thermocouple between the sample 

and Ti holder was used to monitor the temperature. Sample transport between chambers was 

accomplished under UHV conditions. 
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A 1cm2 silicon sample cut from an n-doped Si (100) wafer was first cleaned successively 

in dilute HF solution, acetone and deionized water to remove surface oxide, and then was 

inserted to the UHV chamber. Adventitious carbon and oxygen were removed by heating the 

sample to 1100 K in UHV.  Sample cleanliness was verified by XPS. 

 

2.3. Results 

 

2.3.1. Ta Silicate Formation 

 
Ta silicate films were formed by a two-step process.  First, a 6 Å (Eq. (2.2)) thick SiO2 

film was grown by direct oxidation of a Si(100) substrate (1.7 x 109 L O2 at 2 torr, 600 K).  

Second, 6 Å (Eq. (2.2)) of Ta were deposited on the SiO2 film at 300 K, and annealed at 600 K in 

1.7 x 109 L O2 at 2 torr. The evolution of Si(2p) spectra during SiO2 formation and subsequent 

reaction with Ta is displayed in fig. 2.1a.  Corresponding O(1s) spectra are displayed in Fig. 

2.1b. 

  The formation of an SiO2 film is marked by a feature at 103.1 eV in the Si(2p) spectrum 

(Fig. 2.1a), in good agreement with accepted binding energy values for SiO2 [15].  Analysis of 

the relative intensity of the Si103/Si99 relative intensity yields an average SiO2 film thickness of 6 

Å (Eq. (2.2)).  The corresponding O(1s) spectrum (Fig. 2.1b) has a full width at half-maximum 

(FWHM) of 2.5 eV, significantly broader than the FWHM of 2.1 eV observed under these 

conditions for non-hydroxylated stoichiometric SiO2 films.  Assigning one component (FWHM 

= 2.1 eV) to the reported value of 532 eV for O in SiO2 [17], the O(1s) peak (Fig. 2.1b) is well fit 

by the addition of a second component (FWHM = 2.1 eV) at 533 eV, corresponding to Si-OH 

[20], indicating that the ultrathin SiO2 film has observable hydroxyl content. 
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  Deposition of Ta followed by annealing in oxidizing conditions results in changes to 

both Si(2p) and O(1s) spectra.  A new feature at 102.1 eV is observed in the Si(2p) spectrum 

(Fig. 2.1a).  A corresponding spectrum, acquired at grazing emission (Fig. 2.1a) shows an 

enhanced intensity for this feature, indicating that the new feature is associated with the surface 

region of the film.  The FWHM of the O(1s) spectrum (Fig. 2.1b) increases from 2.5 eV to 2.7 

eV, and the peak maximum shifts from 532.2 eV to 531.1 eV.  A Si(2p) feature at ~102.1 eV has 

been reported for aluminum silicate formation [7], and for stoichiometric zirconium silicate 

(ZrSiO4)[21].  A comparison of O(1s) spectra for ZrSiO4 and SiO2 reveals a trend similar to that 

shown in Fig. 2.1b; a broader peak for the silicate than for SiO2 (2.3 eV vs 2.0 eV), and a lower 

silicate binding energy (531.1 eV vs 532.2 eV for SiO2) [21]. The similarity of Si(2p) spectra 

shown in Fig. 2.1a indicates that Ta reaction with the SiO2 film results in silicate formation.  The 

large FWHM for the O(1s) spectrum (Fig. 2.1b) indicates two oxygen environments, and the 

peak is well fit by two components (FWHM = 2.1 eV) at 530.6 eV and 531.9 eV.  Previous 

studies of silicate films [22] indicate that the component at 530.6 eV can be assigned to oxygens 

bridging between Ta and Si sites.  The component at 531.9 eV is consistent with SiO2 [2, 20], 

and with metal hydroxide Ta-OH [2, 15].  An assignment to SiO2, however, is inconsistent with 

the fact that there is negligible Si(2p) intensity at 103 eV after reaction with Ta (Fig. 2.1a), and 

that the Si103/O531.9 intensity ratio corresponds to a Si/O atomic ratio of  1:10. The O(1s) 

component at 531.9 eV (Fig. 2.1b) is therefore assigned to hydroxylated Ta. A comparison of 

O(1s) spectra acquired at normal and grazing emission indicates that  the hydroxyl and bridging 

oxygen components is constant through the thin film (O531.9/O530.6  ~2/3).  This may be due to the 

extremely thin nature of the film (6Å) or may indicate that the film is uniformly hydroxylated. 
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The Ta(4f) spectra acquired after Ta deposition and annealing are shown in Fig. 2.1c. The 

spectra include both the Ta(4f7/2) and the Ta(4f5/2) photoelectron lines, which are present in a 4:3  

 

Fig. 2.1 Formation of SiO2 and Ta silicate. (a) Si(2p); (b) O(1s) and (c) Ta(4f) Spectra. 
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intensity ratio, with a 1.9 eV separation [15]. The binding energies reported in this paper refer to 

the Ta(4f7/2) photoelectron line. Ta spectra acquired at normal emission and grazing emission 

(Fig. 2.1c) are well fit by a doublet with an individual component FWHM of 2.3 eV and a 

Ta(4f7/2) binding energy of 26.2 eV. Similar results were reported [2] for air-exposed TaSiN and 

attributed to a homogeneous tantalum silicate (TaxSiyOz) mixture. 

The Si(2p) at 102.1 eV, Ta(4f) at 26.2 eV  and O(1s) at 530.6 eV are consistent  

with the formation of a Ta silicate film [2, 7, 21, 22]. The O531.9/O530.6 intensity ratios for normal 

emission and grazing emission (Fig. 2.1b) are both 2/3, indicating a film with uniform hydroxyl 

composition. A Ta/Si102 /O elemental ratio of 1:1:6 was obtained by Eq. (2.1) for the grown film, 

suggesting either a Ta-deficient silicate or a Ta oxide component, or possibly a hydroxylated 

silicate. The latter possibility is consistent with the O(1s) spectrum (Fig. 2.1b). The estimated 

thickness of the silicate film was ~8Å (Eq. (2.2)). This estimation is an upper bound to the 

thickness, since the electron inelastic mean free path  (IMFP) in Ta silicate may be less than in 

SiO2, due to heavy atom scattering [15, 16]. 

For Ta reaction with an ultrathin SiO2 substrate, a Si(2p) feature at ~ 102.1 eV might 

arguably be assigned to a Si-suboxide, due to Ta removal of the oxide overlayer, revealing the 

Si/SiO2 interface region.  In order to explore this possibility, similar experiments were carried 

out on ultrathin SiO2 films, but with annealing to 600 K in the absence of O2. Negligible growth 

in Si(2p) intensity at ~102.1 eV and Ta(4f) intensity at ~26.2 eV were observed.  Subsequent 

anneals in 2 torr O2, however, immediately resulted in a significant increase of Si(2p) intensity 

at 102.1 eV and Ta(4f) intensity at 26.2 eV, indicating that these features are formed only under 

oxidizing conditions.  The features of Si(2p) at 102.1 eV and Ta(4f) at 26.2 eV are therefore 

assigned to a Ta silicate film. 



 34

2.3.2. Thermal Decomposition 

 
The silicate film was annealed in UHV in 100 K increments starting from 300 K. 

Following each anneal period (30min), the sample was cooled to room temperature and XPS 

spectra were acquired. Annealing of the silicate film up to 900 K results in a significant increase 

of the Si103/Si99 XPS intensity ratio, and a decrease of the Si102.1/Si99 intensity ratio (Fig. 2.2). 

Si(2p) spectra of the sample acquired at 300K and after annealing to 900K are shown in Fig. 

2.3a. The Si(2p) spectrum shifts from 102.1 eV to 103 eV, indicating the formation of SiO2 [15]. 

Additionally, the Ta(4f7/2) spectra at 300K and annealing to 900K(Fig. 2.3b) were observed to 

shift from 26.2 eV to 26.7 eV. The feature of Si(2p) at 103 eV is assigned to Si in SiO2 [15] and 

Ta(4f) at 26.7 eV is assigned to Ta in Ta2O5  [15]. These changes are consistent with silicate 

decomposition to form SiO2 and Ta2O5, in accord with the published phase diagram for this 

system [23, 24].  

 

 Fig. 2.2 XPS intensity ratio as a function of annealing temperature. 
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2.3.3. Air-Exposure of Ta Silicate Film 

 

A Ta silicate sample formed as described above was exposed to air for 2 hours, then 

transferred to the UHV main chamber for XPS analysis. Si(2p) spectra of the sample before and 

after air-exposure are shown in Fig. 2.4a. No shift for Si(2p) spectra is observed upon air 

exposure. Similarly, air-exposure induces no shift for O(1s)(Fig. 2.4b) and Ta(4f)(Fig. 2.4c) 

spectra. However, the intensities of Si(2p)(Fig. 2.4a), O(1s)(Fig. 2.4b) and Ta(4f) (Fig. 2.4c) 

decrease after air-exposure. C(1s) intensity (not shown) at 284.5 eV increases after air-

exposition. The component at 284.5 eV is assigned to adventitious C [15]. This is in accord with 

the decrease of the Si(2p), O(1s) and Ta(4f) intensities of the Ta silicate film.  This result 

suggests that the silicate surface is stable in the air and can act as a “robust” diffusion barrier 

since Cu deposition is typically not done under UHV conditions [4]. 

 

2.3.4. Cu/Film Interactions 

 
             Cu was sputter deposited onto an unannealed Ta silicate film in sequential depositions at 

300K. After each deposition, the sample was transferred from the deposition chamber back to the 

main chamber for XPS analysis. The Cu(L3VV) Auger line shape (X-ray excited) as a function 

of deposition time, displayed in Fig. 2.5, provides a “fingerprint” of the oxidation state of the 

deposited Cu on the silicate film [2, 25]. The feature at 914.9 eV Auger kinetic energy is 

assigned to Cu(I), whereas the feature at 917.6 eV is assigned to Cu(0) [26, 27].  The oxidation 

state of the Cu evolves with deposition time from Cu(I) to Cu(0). Cu depositions at short (1– 4.5 

minutes) deposition times (Fig. 2.5) yield a Cu(L3VV) Auger feature at 914.9 eV, indicative of 

formation of Cu(I). At longer deposition times (Fig. 2.5), a new component at 917.6 eV was 
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Fig. 2.3 XPS spectra of Ta silicate at room temperature and after annealing at 900 K for 30 min 

in UHV. (a) Si(2p) Spectra and (b) Ta(4f) Spectra. 

 

 

108 104 100 96 92

Si(99.1 eV)
Si
(102.1eV)

Si
(103eV)

X
PS

 I n
t e

n s
i ty

Room
temperature

Annealed at
900K for 

30 min

34 32 30 28 26 24 22 20 18

26.2 eV26.7 eV

Annealed at
900K for 

30 min

Room
temperature

Binding Energy (eV)

(a)

(b)



 37

 

 

Fig. 2.4 XPS spectra of Ta silicate before and after air exposure. (a) Si(2p) spectra; (b) O(1s) 

spectra and (c) Ta(4f) spectra. 
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observed, indicative of formation of Cu(0). The Cu Auger parameter (AP) was calculated 

according to the following [28, 29]: 

AP  =  KE(CuL3VV)+ EB (Cu2p),                                                       (2.3) 

KE(CuL3VV)  =  hν– EB(CuL3VV),                                                     (2.4) 

where KE and EB are kinetic energy and binding energy, respectively. The calculated Auger 

parameter associated with the Cu(I) spectral feature  is 1848.2 eV(Fig. 2.5). An Auger parameter 

value of 1848.2 eV is in the range of Auger parameters reported for other Cu(I) compounds [15]. 

The Auger parameter associated with Cu(0) (Fig. 2.5) is 1850.5 eV, lower than that reported for 

bulk Cu that is 1851.3 eV. Similar results were reported for Cu growth on oxidized TaSiN [2], 

Cu0.6Al0.4 growth on SiO2 [30] and Cu growth on Al2O3 [31], and were attributed to the 

ineffective screening of the holes in the Auger final state for small Cu particles [2, 15, 30, 31]. 

The growth mode of the sputter deposited Cu on the substrate can be characterized by 

plotting the increase in the Cu(2p3/2) intensity (relative to Si(2p)) ratio as a function of deposition 

time [32].  Fig. 2.6a and 2.6b includes the growth mode of sputter deposited Cu on the 

unannealed and decomposed (Annealed to 1000K) Ta silicate film respectively. For unannealed 

Ta silicate film, the Cu(2p3/2)/Si(2p) intensity ratio increases linearly with deposition time, but 

exhibits a change in slope at 4.5 min deposition time (Fig. 2.6a). This change in slope coincides 

with termination of Cu(I) formation and the initiation of Cu(0) growth (Fig. 2.5).  Such behavior 

indicates conformal growth of a Cu(I) ad-layer, followed by formation of a Cu(0) layer [33].  For  

Cu depositions on the annealed and decomposed Ta silicate film, the linearity without 

change in slope observed in Fig. 2.6b indicates that copper deposition occurs with the formation 

of 3-D islands consistent with the behavior of Cu on SiO2 [2]. The X-ray excited Auger data for 
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Cu on the annealed, decomposed film (not shown) show little Cu(I) formation, indicating 

negligible Cu/surface charge transfer. 

 

 

 

 

 

 

 

 

 

 

 

     

Fig. 2.5 X-ray excited Cu(L3VV) Auger spectral evolution as a function of Cu deposition on the 

unannealed silicate film. 
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Fig. 2.6 Cu(2p)/Si(99) XPS intensity ratio vs. deposition time (a) before and (b) after  annealing 

the silicate film at 1000K. 
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interface.  It is not known whether maximum Cu(I) coverage is limited by Cu(I)-Cu(I) repulsive 

interactions, or by the surface concentration of appropriate active sites. 

The Ta(4f7/2) XPS spectra are shown in Fig. 2.7, acquired after Cu depositions for 1 min 

and 5.5 min respectively. The Ta(4f7/2) spectrum shifts from 27.2 eV to 26.7 eV with Cu 

depositions from 1 min to 5.5 min, indicating that Ta is reduced as the deposited Cu metal is  

oxidized to Cu(I). No changes were obtained for corresponding Si(2p) and O(1s) spectra (not 

shown). 

 

Fig. 2.7 Ta(4f) XPS spectra at Cu deposition for 1min and 5.5 min.  
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2.4. Discussion 

 

The XPS data (Fig. 2.1) indicate the formation of an 8Å thick film of uniform 

composition with the stoichiometry TaSiO6. The Si(2p) intensity at 102.1 eV indicates that the Si 

atoms are bonded to oxygen atoms bridging between the Si and metal, as expected for a silicate 

structure [7, 21]. The O(1s) spectrum, however, indicates at least two oxygen chemical 

environments within the film, at 531.9 eV and at 530.6 eV, with an intensity ratio of ~2:3. A 

binding energy of 531.9 eV could be assigned to SiO2, but this contradicts the Si(2p) data which 

indicates a main component at binding energy of 102.1 eV and a negligible component at 

binding energy at 103.1 eV. A possible assignment of O(1s) spectrum is to assign the 531.9 eV 

feature to OH groups located (presumably) on the Ta sites. Other evidence suggesting that this is 

a hydroxalated structure derives from the fact that the film is stable to air exposure (Figs. 2.4a, 

2.4b and 2.4c), with the only change (other than adventitious carbon) resulting from a slight 

increase in the relative O(1s) intensity near 532 eV (Fig. 2.4b). On this basis, a structure such as 

displayed below is tentatively proposed: 

The above structure is consistent with two oxygen environments, and with the formation of a 

formal Ta(V) species.  Such a formal structure, however, would yield a stoichiometry of TaSiO5 

and an O531.9/O530.6 intensity ratio of only 1:4 instead of the observed 2:3.  In a film only 8 Å 

thick, however, considerable non-stoichiometry may be expected due to the high proportion of 

interfacial sites between the film and the Si substrate.  In addition, the choice of Ta as a 

                    O          OH 

         Si                   Ta 

                     O          
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hydroxylation site is reasonable but purely conjectural. It is not known, for example, whether OH 

bonded to Si would yield an O(1s) binding energy distinguishable from OH/Ta under existing 

experimental conditions. Obviously, a complete determination of film structure requires 

additional measurements (e.g., FTIR).  

The x-ray excited Cu(L3VV) Auger spectra (Fig. 2.5) and uptake curve (Fig. 2.6a) 

demonstrate that copper reacts with Ta silicate film in the first layer and forms Cu(I) at 300K to a 

maximum coverage of 0.5 ML. At higher coverage, Cu(0) is formed. The behavior of Cu on the 

Ta silicate film can be compared with Cu on the decomposed Ta silicate film, a mixture of SiO2 

and Ta2O5 (Fig. 6b). Copper interacts only weakly with the SiO2 and Ta2O5 surface, forming 

Cu(0) even at low coverage [2]. The copper uptake curve (Fig. 2.6b) for the decomposed film 

does not display the change in slope that is characteristic of layer-by-layer growth [2, 33]. In 

contrast to Cu on the decomposed film, Cu on the unannealed Ta silicate film displays initial 

conformal growth with formation of Cu(I). This demonstrates significant charge exchange 

between the initial Cu atoms and the Ta silicate surface. This could be the result of the more 

ionic Ta cation and more covalent ionic Si formation on the Ta silicate surface [21, 34]. There is 

a strong interaction between initially deposited Cu and Ta silicate surface. Cu “wets” the surface 

because of the significant charge exchange between Cu and Ta silicate film.  

 

2.5. Conclusions 

 

A 6Å SiO2 film is formed by exposing clean Si(100) to 1.7 x 109 L O2 at 1000K. An 8Å 

Ta silicate film is formed after Ta deposition and oxidation in 2 torr oxygen at 600K. The Si(2p) 

component at binding energy of 102.1 eV ,Ta(4f7/2) component at binding energy of 26.2 eV and 
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O(1s) at binding energy of 530.6 eV demonstrate a Ta silicate environment. The Ta silicate film 

is stable up to 900K in UHV and stable at room temperature in the air. These data indicate Ta 

silicate film can act as a “robust” diffusion barrier since Cu deposition is typically done under 

non-UHV environment. Ta silicate film decomposed to form SiO2 and Ta2O5 ~900K.  

          Copper was sputter deposited onto silicate film before and after annealing the silicate 

sample ~1000K. Copper grows conformally on the unannealed Ta silicate surface and is 

characterized by a feature in the Cu(L3VV) Auger line shape at 914.9 eV indicative of Cu(I). 

Further deposition of copper results in the Cu(L3VV) Auger line shape at 917.6 eV indicative of 

Cu(0). These data indicate that the initially deposited copper reacts with the Ta silicate surface 

and forms Cu(I) for the first ad-layer. Subsequent copper deposition results in Cu(0) formation. 
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CHAPTER 3 

CHEMICAL VAPOR DEPOSITION OF TANTALUM NITRIDE WITH TERTT-

BUTYLIMINO TRIS(DIETHYLAMINO) TANTALUM AND ATOMIC HYDROGEN 

 

3.1. Introduction 

 

Due to the high melting point, chemical and thermal stability, and excellent conductivity, 

refractory metal nitrides are widely recognized as diffusion barriers in metal-semiconductor 

interconnects. Among these metal nitrides, Tantalum nitride (TaN) is one of the most extensively 

studied materials for silicon (Si) device fabrication [1, 2].  TaN films are usually deposited using 

physical vapor deposition (PVD), such as reactive sputtering [1, 3-7]. PVD, however, is not 

expected to be applied beyond 45 nm technology nodes due to the poor step coverage caused by 

the shadowing effect in the small feature size, high aspect ratio contact and via holes [8]. 

Accordingly, chemical vapor deposition (CVD) and atomic layer deposition (ALD) processes are 

being developed for deposition of transition metal nitride thin films with high-quality step 

coverage.   

Only a few results have been reported on TaN CVD films since there are only a few 

tantalum (Ta) source gases that have a high vapor pressure convenient for CVD processing. Ta 

halides such as tantalum chloride (TaCl5) [2] and TaF5 [9, 10] have been used as Ta sources, but 

these can result in the incorporation of chlorine (Cl) and fluorine (F) impurities in the growing 

films [11]. In order to avoid problems associated with the presence of halides, attention has 

shifted to halide-free precursors, including tert-butylimino tris(dimethylamino) tantalum 

(TBTDET) (Fig. 3.1) [12-14]. TBTDET is liquid at the room temperature and has a high vapor 
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pressure (0.1 torr at 363 K). Ta nitride films with good step coverage and electrical properties 

have been deposited on Si and SiO2 by TBTDET CVD at ~720K – 920K [12, 13, 15]. This 

temperature range is relatively high for most low-κ materials. Carbon-containing low κ materials 

are often thermally unstable above ~670K [16]. Ta nitride was formed on SiO2 by TBTDET and 

hydrogen radicals at low temperature of ~530K [14], but there are few reports about TaN CVD 

deposition on low κ materials at low temperature. Additionally, previous studies [17] of PVD Ta 

on silicon(Si):oxygen(O):carbon(C) low-k substrates indicate that sputter deposition results in a 

relatively diffuse (~ 50 Å) interfacial layer containing tantalum carbide (TaC).  PVD Cu will not 

wet this TaC interfacial layer at 300 K, thus imposing a lower limit on the thickness of reliable 

PVD Ta barriers for PVD Cu seed. 

 

Fig. 3.1 Tert-butylimino tris(diethylamino) tantalum (TBTDET) structure. 

 

In this study, XPS has been used to characterize the reaction of TBTDET with atomic 

hydrogen on silicon dioxide (SiO2) and organosilicate glass (OSG) substrates. TBTDET partially 
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reacts with O atoms in both SiO2 and OSG substrates by 300 K to form strong Ta-O interfacial 

bonds. Subsequent bombardment with atomic hydrogen at 500K results in formation of a 

stoichiometric TaN phase on top of the Ta-O interfacial phase (“interphase”). Subsequent 

depositions of the precursor on the reacted layer on SiO2 and OSG, followed by atomic hydrogen 

bombardment, result in increased TaN formation. The data summarized here indicate that 

TBTDET is a potential precursor for an atomic hydrogen driven ALD/CVD process.  

 

3.2. Experiment Details 

 

Experiments were carried out in a combined UHV analysis/dual magnetron sputter 

deposition system, which has been described previously in chapter 2. For the charging shift of 

apparent photoelectron energies on insulating samples, XPS spectra were calibrated by 

referencing the peak from adventitious carbon at 284.5 eV [18]. Relative film composition was 

derived from XPS intensities according to Eq. (2.1). The film thickness d was determined by the 

attenuation of the Si(2p) substrate signal (photoelectron inelastic mean free path (IMFP) for 

Si(2p) electrons (λ) = 31.3 Ǻ), according to Eq. (2.2).  

Ta precursor exposures were carried out in the PVD/CVD chamber (with a base pressure 

of 1 x 10-8 torr after bake out), followed by sample transfer to and XPS analysis in the ultra high 

vacuum (UHV) chamber. TBTDET (Schumacher) was used as Ta precursor. The liquid 

precursor was contained in a bubbler heated to 343K. TBTDET was condensed onto a clean SiO2 

or OSG sample at 120K, annealed to 300K, and then exposed to hydrogen (H/H2) flux. Atomic H 

was generated within the UHV chamber by passing H2 through a TC-50 thermal gas cracker 

(Oxford Applied Research), which consisted of a heated tungsten tube and external cooling 
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system. In this study, atomic hydrogen was generated at a constant power of 55 W and caused a 

slight rise in the sample temperature to 500K. Hydrogen pressure was 2*10–7 torr during H2/H 

bombardment. According to manufacturer specifications, such operating conditions should result 

in ~50% dissociation of H2. That significant H2 dissociation occurred was demonstrated by the 

fact that results obtained using the thermal gas cracker differed sharply from those observed for 

exposure to pure H2 at 500K, which had no significant effect.  

The 1cm2 samples consisted of either a 4000Å SiO2 on Si substrate, or commercially 

prepared OSG film grown on Si. Adventitious carbon was removed by heating the sample to 

1000 K for SiO2 and 500K for OSG in the UHV chamber. Sample cleanliness was verified by 

XPS. 

 

3.3. Results 

 

3.3.1. TaN Formation on SiO2 

 

            TBTDET precursor was condensed on SiO2 at 120 K in the PVD/CVD chamber. After 

the dose, the sample was transferred to the UHV chamber for XPS analysis at 120K. The sample 

was then annealed to 300K in UHV, followed by exposure to an H/H2 flux for 90 mins 

(involving an incidental temperature increase to 500K). XPS analyses were obtained after each 

treatment. The Si(2p) spectrum (Fig. 3.2a) of a clean SiO2 substrate is well fit by a single 

component with a FWHM of 2.1eV at binding energy of 103.2eV.  The corresponding oxygen 

(O) (1s) spectrum (Fig. 3.2b) is similarly well fit with a single component (FWHM of 2.1 eV) at 

binding energy of 532.1 eV [19]. After exposure to TBTDET precursor at 120 K, the absence of 
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Si(2p) and O(1s) intensity from the substrate (Fig. 3.2a and 3.2b) indicates that precursor dosing 

at 120 K results in a thick multilayer. The adsorbed multilayer on SiO2 exhibits significant 

carbon (C) (1s) intensity at ~285 eV (Fig. 3.2e), N(1s) intensity at ~398eV (Fig. 2d) and 

negligible Ta(4f) intensity (Fig. 3.2c). The XPS spectra acquired after annealing to 300K are 

shown in Fig. 3.2. The Ta(4f) spectra (Fig. 3.2c) include both the Ta(4f7/2) and the Ta(4f5/2) 

photoelectron lines, which are present in a 4:3 intensity ratio, with a 1.9 eV separation [18]. The 

binding energies reported in this paper refer to the Ta(4f7/2) photoelectron line. By 300K, 

considerable precursor interaction with SiO2 substrate has occurred and resulted in Ta-O bond 

formation, characterized by Ta(4f7/2) peaks at 24.7 eV and 25.8 eV for Ta suboxides [4, 20, 21], 

and the corresponding O(1s) peak at 529.8 eV [18]. The existence of the nitrogen (N) (1s) 398 

eV feature (Fig. 3.2d) and C(1s) 285 eV peak (Fig. 3.2e) at 300K indicates that some precursor 

species still remained in the film. The total average film thickness determined by Eq. (2.2), was 

101Ǻ. Interaction with atomic hydrogen resulted in the formation of a new Ta(4f7/2) feature at 

23.2 eV binding energy (top of Fig. 3.2c), which indicates the formation of Ta nitride [4]. The 

formation of Ta nitride is corroborated by the emergence of a new N(1s) feature at 396.6 eV (top 

of Fig. 3.2d) [4]. The Ta(4p3/2) feature overlaps this portion of the N(1s) spectrum, with a broad 

Ta(4p3/2) peak at binding energy of 403-404 eV [1, 22]. According to the intensities of the Ta(4f) 

and N(1s) features at 23.2 eV and 396.6 eV, Ta:N atomic ratio, determined by Eq. (2.1), is 1:1, 

indicating a stoichiometric phase: TaN. The atomic hydrogen flux induced more Ta/oxide 

reactions as evidenced by enhanced Ta(4f7/2) and O(1s) intensities at 24.7 eV and 529.8 eV, 

respectively (sub-oxide) and the appearance of new Ta(4f7/2) feature at 26.5 eV (Ta2O5) [18]. 

The formation of a new Si(2p) feature at 102.1 eV indicates that SiO2 is partially reduced as the 

deposited Ta is oxidized. The atomic hydrogen flux induced the shifting of C(1s) feature to   
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Fig. 3.2 XPS spectral changes upon reaction with TBTDET precursor. (Bottom traces) SiO2 

sample before precursor exposure; (bottom middle traces) precursor adsorption at 120 K; (top 

middle traces) after annealing to 300K; (top traces) after H/H2 exposure. (a) Si(2p); (b) O(1s); (c) 

Ta(4f); (d) N(1s) and (e) C(1s). 
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higher binding energy at 295.5 eV (top of Fig. 3.2e), suggesting reactions with electron-

withdrawing groups, such as oxygen [18, 23]. The binding energies of all C(1s) peaks (Fig. 3.2e) 

are above 284 eV, indicating no Ta carbide in the film. The later would yield C(1s) spectra near 

281.9 eV [18, 24]. 

Formation of TaN upon exposure to H/H2 at 500 K might arguably be due to the rise in 

temperature to 500K. In order to explore this possibility, a sequential experiment was carried out 

as previously described, but with annealing to 500K in the absence of atomic hydrogen. Ta(4f) 

and N(1s) XPS spectra (Fig. 3.3a and 3.3b respectively) show that annealing the adsorbed 

precursor to 500 K without H/H2 induced more TaOx formation at binding energy of 24.7 eV and 

negligible N change, indicating no TaN formation. Subsequent exposure to H/H2 at 500K, 

however, immediately resulted in a significant Ta(4f7/2) feature at 23.2 eV and N(1s) intensity at 

396.6 eV. It was reported that Ta nitride was formed by metal organic precursors and H2 only at 

high temperature above ~650K [25]. The changes observed for Ta(4f) (Fig. 3.3a) and N(1s) (Fig. 

3.3b) are therefore due specifically to interaction with the atomic hydrogen flux, rather than the 

rise in temperature or H2 flux. 

The evolution of Ta(4f) and N(1s) spectra upon repeated precursor 

physisorption/warmup/H/H2 exposure cycles are displayed in Fig. 3.4. The increase in relative 

intensities of the Ta(4f) feature at 23.2 eV and N(1s) peak at 396.6 eV corresponding to TaN [4] 

is evident. Total average film thickness determined by Eq. (2.2), is 36Ǻ after the first cycle (Fig. 

3.4a). After the second cycle, no Si(2p) intensity could be observed, indicating that the total 

average thickness was >> 31.3 Ǻ - more like  > ~100 Ǻ (assuming a Si(2p) photoelectron mean 

free path of ~31.3 Ǻ).  The ratio of Ta intensity in TaN to total Ta intensity (TaTaN/TaTotal) 
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increases from 0.09±0.01 for 36Ǻ film (first cycle) to 0.32±0.02 for the thick film (second 

cycle), indicating the initial formation of Ta oxide at the overlayer/SiO2 interface, followed by 

enhanced TaN during the second cycle. 

 

Fig. 3.3 XPS spectra change after annealing without and with subsequent H2/H flux exposure on 

SiO2 sample. (a) Ta(4f) and (b) N(1s). 
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Fig. 3.4 XPS spectra change with cycles of TBTDET dose and H2/H flux exposure on SiO2 

sample. (a) Ta(4f) and (b) N(1s). 
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emission) and at 60º (from the surface normal - grazing emission) are shown in Fig. 3.5a and 
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grazing incidence [Fig. 3.5b] also indicates that TaN is associated with the surface region rather 

than the film/substrate interface. 

 

 

 

 

Fig. 3.5 Ta(4f) XPS spectra after TBTDET dose and H2/H flux exposure on SiO2. (a) Normal 

incidence and (b) Grazing incidence. 
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were calibrated by referencing the peak from adventitious carbon at 284.5 eV [18]. The Si(2p) 

spectrum (Fig. 3.6a) is well fit with a FWHM of 2.1 eV at binding energies of 103.2 eV and 

102.1 eV, respectively. The peak at 103.2 eV can be assigned to the Si-O bond in SiO2, while the 

feature at 102.1 eV indicates a different chemical environment, which can be assigned to the O-

Si-C bond formation [17, 18, 26].  The O(1s) spectrum (Fig. 3.6b) can be fit with two features 

(FWHM = 2.1 eV) at binding energies of 532.1 eV and 531.1 eV, consistent with O-Si in SiO2 

and O-Si-C bonding environments, respectively [18, 27]. In the C(1s) spectrum (Fig. 3.6e), the 

peak at binding energy of 283.5 eV is consistent with a C-Si-O environment, and the feature at 

284.5 eV is assigned to adventitious carbon [18, 28]. The XPS data indicate that this OSG 

sample is an O-Si-C material with substantial amounts of SiO2 and a stoichiometry of SiC0.72O1.08 

(Eq. (2.1)). As with SiO2, the TBTDET precursor was condensed on OSG at 120K, annealed to 

300K, and exposed to H/H2 flux. After exposure to TBTDET precursor at 120K and annealing to 

300K, considerable precursor interaction with OSG substrate occurred and resulted in Ta 

suboxide formation with Ta(4f7/2) features at 24.7 eV and 25.8 eV (Fig. 3.6c), and the 

corresponding O(1s) peaks at 529.8 eV (Fig. 3.6b)  [4, 18, 20, 21]. The existence of the N(1s) 

398 eV feature (Fig. 3.6d) and C(1s) 285 eV peak (Fig. 3.6e) at 300K indicates that some 

precursor still remained in the film. Interaction with atomic hydrogen results in the formation of 

a Ta(4f7/2) feature at 23.2 eV binding energy (top trace, Fig. 3.6c) and N(1s) feature at 396.6 eV 

(top trace, Fig. 3.6d), with a Ta:N atomic ratio of 1:1 (Eq. (2.1)), indicating the formation of a 

stoichiometric TaN phase on the OSG substrate [4]. Ta2O5 and additional Ta suboxide were 

formed with atomic hydrogen exposure, characterized by the appearance of a Ta(4f) peak at 26.5 

eV and increase of Ta(4f7/2) intensity at 24.7 eV, respectively (Fig. 3.6d) [18]. The atomic 

hydrogen flux induced the shifting of C(1s) feature to higher binding energy at 295.5 eV (top of 
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Fig. 3.6e), suggesting reactions with electron-withdrawing groups, such as oxygen [18, 23]. The 

binding energy of C(1s) (Fig. 3.6e) is above 284 eV, indicating no Ta carbide in the film on OSG 

sample [18, 24].  

Further evidence of the effects of H/H2 bombardment on precursor/substrate interactions 

is displayed in figure 3.7. The data show changes in sample charging as a function of various 

stages in precursor dose/annealing/reaction. Charging is frequently observed for photoemission 

studies of insulating samples, due to the ejection of photoelectrons without compensating charge 

flow from a conductive substrate layer.  This net excess of charge usually leads to a uniform shift 

of apparent photoelectron energies, as measured against the known energies of standard 

transitions (in this case substrate C(1s) and Si(2p) transitions, as shown). Note that the 

application of an H/H2 flux eliminates any significant charging, coincident with the formation of 

a TaN overlayer.  The elimination of sample charging is evidence that the TaN surface coverage 

is sufficient to alter the electron emission of the sample so as to reduce the net charge imbalance.  

This is in turn evidence that, at this point, the reacted overlayer covers a large proportion of the 

surface area. 
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Fig. 3.6 XPS spectral changes upon reaction with TBTDET precursor. (Bottom traces) OSG 

sample before precursor exposure; (middle traces) precursor adsorption at 120 K followed by 

annealing to 300K; (top traces) after H/H2 exposure. (a) Si(2p); (b) O(1s); (c) Ta(4f); (d) N(1s) 

and (e) C(1s). 
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Fig. 3.7 XPS charge shift during various process stages of TaN formation, stage 1: OSG sample 

as received; 2: cool down to 120K; 3: TBTDET dose at 120K; 4: anneal to 300K; 5: hydrogen 

flux exposure for 90 min; 6: hydrogen flux exposure for 270 min.  

 

The evolution of Ta and N core level spectra during sequential exposures to TBTDET at 

120 K, followed by annealing to 300 K and H/H2 bombardment, are shown in figure. 3.8. The 

increase in relative intensities of the Ta(4f) at 23.2 eV and N(1s) at 396.6 eV features 

corresponding to TaN is evident. This suggests that a cyclic ALD or starved CVD process could 

be used to form a TaN interfacial layer on an OSG dielectric substrate.  The numbers to the left 

of the Ta(4f) feature indicate the estimated total thickness (Eq. (2.2)) of the Ta-containing 

overlayer (By the end of the third cycle, a substrate Si feature is no longer observed.).   
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Fig. 3.8 XPS spectra change with cycles of TBTDET dose and H2/H flux exposure on OSG 

sample. (a) Ta(4f) and (b) N(1s). 
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3.4. Discussion 

 

           TBTDET condensed at 120K, annealed in UHV to 300K, and then exposed to an H/H2 

flux at 500 K results in the formation of TaN on both OSG and SiO2 substrates, with Ta(4f7/2) 

feature at binding energy 23.2 eV, N(1s) feature at 396.6 eV, and Ta:N atomic ratio of 1:1. No 

TaN features were observed when similar experiments were carried out in the absence of atomic 

hydrogen. TaN formation after subsequent atomic hydrogen exposure at 500K, indicates that 

these features are formed only under atomic hydrogen flux. Temperature for TaN formation by 

TBTDET CVD deposition without atomic hydrogen was reported to be ~720 K – 920 K [12, 13]. 

Such a high temperature limits its application involving low κ materials, as such materials often 

degrade at temperature above ~600 K – 650 K. In this study, low-temperature of 500K TaN 

CVD deposition on OSG with TBTDET and atomic hydrogen was developed.  The intensities of 

the Ta(4f) and N(1s) at 23.2 eV and 396.6 eV result in a atomic ratio of 1:1, indicating  the 

formation of TaN. TaN is an excellent diffusion barrier due to its low resistivity [3, 29]. 

Alternatively, attempt to grow TaN by CVD methods using Ta(NMe2)5 and ammonia resulted in 

high resistivity Ta3N5, which hampers its usefulness as a diffusion barrier for advanced 

metallization in IC applications [30].   

           By annealing to 300K, considerable TBTDET precursor interaction with SiO2 and OSG 

substrate occurred and resulted in Ta-O bond formation, characterized by Ta(4f7/2) peaks at 24.7 

and 25.8 eV, O(1s) at 529.8 eV for Ta suboxide. The atomic hydrogen flux induced new Ta2O5 

and more Ta suboxide formation. Comparison of the relative intensity of Ta(4f7/2) at 23.2 eV at 

normal incidence and grazing incidence on SiO2 (Fig. 3.5) indicates that TaN is associated with 

the outer surface of the film, while the Ta oxide is associated with the interface. The formation of 
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Ta-O interfacial bonds strongly suggests good adhesion between the adlayer and the substrate. 

The shifting of C(1s) feature to higher binding energies upon reaction with atomic hydrogen 

suggests reactions with electron-withdrawing groups, such as oxygen. This aspect of the reaction 

is not yet understood, but it is notable that an atomic hydrogen flux at low temperatures does not 

readily remove organic species from the surface/interface region.  

Ta(4f) XPS spectra resulting from a single TBTDET physisorption/300 K anneal/H/H2 

cycle with ~36Ǻ Ta film thickness on SiO2 and OSG substrates are shown in figures. 3.9a and 

3.9b, respectively. The TaTaN/TaTotal intensity ratios are 0.09±0.01 on SiO2 and 0.36±0.02 on 

OSG.  These data indicate more facile Ta-O bond formation on SiO2 than on OSG. The 

formation of Ta oxide by reaction of Ta from the precursor and O from the substrate is also 

corroborated by the fact that SiO2 is reduced, resulting in a Si(2p) substrate feature at 102.1 eV 

(Fig. 3.2a) as the deposited Ta is oxidized at SiO2 substrate after atomic hydrogen exposure. 

Fig. 3.9 Ta(4f) XPS spectra after TBTDET dose and H2/H flux exposure. (a) on SiO2 and (b) on 

OSG. 
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Many factors are not understood, including the effects of H bombardment on 

ligand/substrate interactions, precursor interaction with conductive surfaces (e.g., Cu), and 

changes in reaction pathways for precursor deliveries at 300 K, rather than by 

physisorption/annealing.  The effects of higher hydrogen doses, exposure to NH3/NH2 fluxes, 

etc., have not been examined. Nonetheless, these data demonstrate the potential for a 

TBTDET/H process to yield conformal, ultra thin TaN barrier on low dielectric substrates. 

 

3.5. Conclusions 

 

TBTDET partially reacts with O atoms in both SiO2 and OSG substrate by 300 K to form 

strong Ta-O interfacial bonds, characterized by the O(1s) feature at binding energy 529.8 eV, 

Ta(4f7/2) at 24.7 eV and 25.8 eV. Reaction with atomic hydrogen at 500 K results in 

stoichiometric TaN formation with the Ta(4f7/2) feature at binding energy 23.2 eV and N(1s) at 

396.6 eV, leading to a TaN phase bonded to the substrate by Ta-O interactions. Ta is oxidized as 

SiO2 is reduced, with the decrease of Si(2p) binding energy at 103.2 eV in SiO2 and appearance 

of new feature at 102.1 eV in Si suboxide. The increase in the relative intensity of TaN on SiO2 

at grazing incidence compared to normal incidence indicates that TaN is associated with the 

surface region rather than the overlayer/substrate interface. Annealing of TBTDET on SiO2 to 

500K without atomic hydrogen results in no TaN formation, indicating that the atomic hydrogen 

induces the TaN formation. Sequential exposures of TBTDET at 120K, followed by annealing to 

300K and exposure to H/H2 on the reacted layer on both SiO2 and OSG result in a gradual 

increase in TaN formation. These data indicate precursor reaction with SiO2 and OSG at low 

temperature (e.g. 300K) and TaN formation upon reaction with H/H2 flux at temperature < 500K. 



 65

The data therefore indicate that a low temperature TaN deposition process is possible on SiO2, 

OSG or similar surfaces. The ready formation of Ta-O interfacial bonds strongly suggests good 

adhesion between the adlayer and the SiO2 or OSG substrates. The data summarized here 

indicate that TBTDET is a potential precursor for an atomic hydrogen driven ALD/CVD process.  
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CHAPTER 4 

RUTHENIUM SPUTTER DEPOSITION ON ORGANOSILICATE GLASS AND ON 

PARYLENE: AN XPS STUDY OF INTERFACIAL CHEMISTRY, NUCLEATION AND 

GROWTH [1]* 

 
4.1. Introduction 

 

            Ruthenium (Ru) is of growing interest as a diffusion barrier for copper (Cu) in low-k 

integration, primarily because the semi-noble nature of the metal allows for facile 

electrodeposition of Cu films, while the high melting point and immiscibility with Cu are 

favorable for microelectronics applications [2].  In diffusion barrier applications, the adhesion of 

Ru films to dielectric substrates is also important. The semi-noble nature of Ru is detrimental for 

adhesion and conformal growth on dielectric substrates, and one would intuitively expect that Ru 

would exhibit much less interfacial interaction with a silicon(Si)-oxygen(O)-carbon(C) low k 

dielectric than would, e.g., tantalum (Ta) [3]. X-ray photoelectron spectroscopy (XPS) has been 

demonstrated [3-5] to be an excellent method for characterizing the formation of metal-substrate 

chemical bonds (or lack of same) during gradual metal deposition under controlled conditions.  

In such experiments, it is usually helpful to transfer the sample from the deposition chamber to 

the analysis chamber without exposure to atmosphere.  This report documents results of XPS 

core level spectra for sputter-deposited Ru on organosilicate glass (OSG) and on parylene, at 

                                                 
* Reproduced with permission from [Zhao, X., Magtoto, N. P., and Kelber, J. A., Mat. Res. Soc. 

Symp. (MRS) Proc. 812 (2004) F2.5]. Copyright [2004] MRS. 
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coverages up to several monolayers.  OSG is a leading low-k candidate for replacing SiO2 as an 

interlayer dielectric, while parylene is a candidate for pore sealing of porous ultra-low k 

materials [6]. The XPS results confirm generally weak Ru-substrate interactions, and this is 

corroborated by results for a Scotch® tape (3M, Inc., St. Paul, Minnesota, www.3m.com) test of 

an electrolessly deposited Cu film on Ru sputter-deposited onto OSG, showing failure at the 

Ru/OSG interface.  

 

4.2. Experiment Detail 

 
            Experiments were carried out in an ultrahigh vacuum (UHV) system attached to a dual 

magnetron sputter deposition system. This system has been described previously in chapter 2. 

Since XPS on insulating samples can result in sample charging that shifts the apparent 

photoelectron energies, spectra were calibrated by referencing the peak from adventitious carbon 

at 284.5 eV.   

An elemental Ru sputter target was used, with target/sample distance adjusted so that a 

minimum sputter deposition rate of 0.004 Å-sec-1 was observed, as determined by the attenuation 

of core-level XPS intensity (Eq. (2.2)) during Ru deposition on clean Cu foil.  Sample transfer 

between deposition and analysis chambers occurred under UHV (< 10-8 torr).  The ~ 1 cm2 

samples consisted of either commercially prepared OSG deposited on Si, or 1000Å thick 

parylene deposited on ~20Å silicon dioxide (SiO2) on a p-type Si(100) substrate.   

                    

4.3. Results 
 
 
               XPS core-level spectra are displayed in figure 4.1 for the OSG sample after annealing  
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in UHV at 500 K for 30 minutes, which removed some adventitious carbon. This particular type 

of OSG has been described in chapter 3. The main effect of annealing in UHV is to have 

removed a significant amount of adventitious carbon from the sample, resulting in a post-anneal 

stoichiometry of SiC0.72O1.08 (Eq. (2.1)). 

            XPS spectra of samples containing carbon and ruthenium are complicated by the overlap 

between the C(1s) spectrum and the Ru(3d3/2) component of the Ru(3d) spectrum, as shown in 

figure 4.2.  For this reason, Ru coverage was determined from intensity of the Ru(3d5/2) feature.  

Since the relative intensities of the Ru(3d3/2)/Ru(3d5/2) features are well known [7], the 

estimation of the C(1s) signal intensity by subtraction of the determined Ru(3d3/2) intensity is 

straightforward, as shown (Fig. 4.2). 

 

Fig. 4.1 Core level XPS spectra for the OSG film before (bottom) and after (top) annealing at 

500 K for 30 min. in UHV. 
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The Ru(3d5/2) binding energy of 280.0 eV is indicative of Ru in a metallic or zerovalent 

state [8], and this binding energy was observed independent of Ru coverage, indicating 

negligible charge transfer between the Ru and the substrate.  The variation of 

Ru(3d) intensity with deposition time on OSG is compared to the behavior on parylene in Fig. 

4.3 (left), normalized to the substrate C(1s) intensity.  

 

 

 

 

Fig. 4.2  Ru(3d)/C(1s) region, showing the partial overlap of the Ru(3d) and C(1s) core level 

features.  Spectrum corresponds to about 30 min Ru deposition (approximately 3 monolayers).  

Ru(3d3/2) component indicated by dashed line was determined from the intensity and binding 

energy of the Ru(3d5/2) component. 
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Fig. 4.3 The evolution of the Ru(3d5/2)/C(1s) intensity ratio as function of Ru deposition vs time 

at 300 K. (Left) Deposition of Ru on OSG. The film thickness at 10 min corresponds to 1 

monolayer.  (Right) Deposition of Ru on parylene. 

 

The data in figure 4.3 (left) indicate a linear increase in Ru intensity on OSG up to 10 

minutes deposition time, followed by a change in slope.  Such behavior is indicative of initial 

conformal (2D) growth in the first layer, followed by a transition to 3D growth with the 

formation of the second layer— SK growth [9]. Although such behavior—when observed for Cu 
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between the metal overlayer and dielectric substrate [5, 10, 11], no evidence for Ru oxidation 

was observed in the XPS spectra.  

            In contrast to Ru/OSG, similar data for Ru deposition on parylene shows different 

behavior (Fig. 4.3, right).  There is no sharp change in slope, as for deposition on OSG, and the 
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for initial conformal growth on parylene than on OSG. A comparison of these results in turn 

suggests a stronger interfacial interaction between Ru and OSG than between Ru and parylene. 

                In order to examine the suitability of sputter-deposited Ru films for Cu integration, a 

Ru/OSG sample was prepared for Cu electroless deposition.  A sample was prepared by 60 

minutes sputter deposition of Ru onto an OSG substrate at 300 K—corresponding to an average 

thickness of 6 Ru monolayers.  The sample was removed from UHV and placed in a 

formaldehyde-based electroless plating solution (6g/l copper sulfate, 32 g/l 

ethylenediaminetetraacetic acid (EDTA), 4g/l formaldehyde and sodium hydroxide to adjust the 

pH of the solution to 11).  After 60 minutes, the sample was emersed from the solution, and air-

dried.  A shiny Cu film was readily visible to the eye.  The sample was then subjected to a simple 

Scotch Tape test in order to provide a rough, qualitative assessment of film substrate adhesion. 

The Scotch Tape test resulted in the loss of all visible Cu from the sample.  XPS spectra of the 

sample before Cu deposition (but after air exposure) and after Cu deposition and Scotch Tape 

test, are shown in Fig. 4.4. 

 

Fig. 4.4  XPS C(1s)/Ru(3d) spectra (left) and O(1s) spectra (right). 
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               The XPS spectra taken after air exposure but before Cu electroless deposition (bottom 

traces) clearly show the presence of oxidized Ru, as evidenced by a broadening of the Ru(3d5/2) 

feature (figure 4.4, bottom, left) which is well fit by a component at 281.4 eV—characteristic of 

oxidized Ru [7, 8].  The presence of oxidized Ru is corroborated by the presence of a component 

near 529.7 eV in the O(1s) spectrum [7](Fig. 4.4, bottom, right).  After the Scotch tape test, the 

Ru(3d5/2) intensity is reduced by 73% (Fig. 4.4, top, left).  This is accompanied by a 

corresponding loss in intensity of the O(1s) component near 529.7 eV (Fig. 4.4, top, right).  

Cu(2p) spectra (not shown) indicated the presence of only trace amounts of Cu after the Scotch 

tape test. 

 

4.4. Discussion 

 
                    The XPS data shown here indicate that sputter deposition of Ru on OSG at 300 K 

results in the growth of a conformal interface (SK growth).  In contrast, Ru deposition on 

parylene shows less tendency towards SK behavior, indicative of a weaker interfacial interaction.  

During deposition on OSG, there is no evidence for Ru oxidation, which would be evidenced by 

a broadening of the Ru(3d5/2) component to higher binding energies.  Such a broadening is only 

observed after exposure of the sample to air (Fig. 4.4).  Possible XPS evidence for the formation 

of a Ru carbide interfacial layer is obscured by the overlap of Ru  (3d) and C(1s) features in the 

region of 283-281 eV (Fig. 4.2)—the region in which metal carbide features are often observed 

[7]. The absence of interfacial carbide formation can be deduced from the fact that the 

Ru(3d)/C(1s) intensity ratio (Fig. 4.3, left) increases linearly with Ru coverage up to the 

completion of the first monolayer.  Similar Ru/Si data (not shown) similarly strongly suggests an 

absence of interfacial silicide formation.  The weak chemical interaction between Ru and the 
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substrate is consistent with the results of the Scotch tape test on a Cu(electroless)/Ru/OSG 

sample indicating failure mainly at the Ru/OSG interface. 

                The lack of interfacial chemical reaction between sputter-deposited Ru and OSG or 

parylene is in contrast to what is observed for Ta.  Ta sputter deposited onto a Si-O-C substrate, 

where formation of interfacial Ta oxide and Ta carbide is observed [3].  Similarly, Ta deposited 

on parylene results in the formation of interfacial carbide [12]. This would suggest that the use of 

Ru on OSG or parylene sealed dielectric materials should be accompanied by the use of a Ta 

“glue” layer between the Ru and the dielectric in order to increase interfacial adhesion.  Such a 

scheme, of course, replaces the deposition of a Cu seed on Ta with the deposition of a Ru layer, 

which can then be used for direct electroless or electrodeposition of Cu.  An alternative 

approach, which would avoid the necessity for a glue layer, would be to hydroxylate the 

substrate prior to Ru deposition.  Such an approach has been shown to enhance the chemical 

interaction of Cu with a variety of substrates [10, 11].  Other seminoble metals may exhibit 

similar effects [13].  

 

4.5 Conclusions 

 
                  XPS has been used to characterize the chemical interactions of sputter-deposited Ru 

with OSG and parylene at 300 K.  The results indicate the lack of interfacial oxide, carbide or 

silicide formation on OSG, and the lack of interfacial carbide formation on parylene.  Ru exhibits 

SK growth (conformal growth of the first layer) on OSG, but this tendency is much less clear-cut 

on parylene.  The formation of an electroless Cu layer on a Ru/OSG sample, followed by a 

Scotch Tape test and subsequent XPS analysis, revealed failure at the Ru/OSG interface, 

consistent with the weak interfacial chemical interactions observed by XPS.  The results indicate 
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that the use of Ru as a diffusion barrier for Cu/low-k integration requires either the use of a 

“glue” layer (e.g., Ta) between the Ru and dielectric substrate, or possibly some other chemical 

modification, such as hydroxylation of the substrate.  
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