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Refractory transition metals have played an important role in the 

manufacturing of microelectronic devices for interconnect applications including 

metal contacts, adhesion layers, and diffusion barriers.  The diffusion barrier 

application has become crucial for the integration of copper as the choice 

conductor in ultra-large scale integrated (ULSI) circuit interconnect.  The 

refractory metal tantalum has been used commercially in previous ULSI 

technology generations, and atomic layer chemical vapor deposition (ALD) 

processes for this metal are highly desired for its use in future generations.  This 

dissertation presents surface chemistry and film growth investigations exploring 

tantalum ALD and an investigation of barrier film adhesion to relevant 

interconnect surfaces. 



 viii

In-situ surface analysis techniques including X-ray photoelectron 

spectroscopy (XPS) and temperature programmed desorption (TPD) were used to 

study the fundamental adsorption behavior of TaCl5, which was used in the first 

reported Ta ALD process, on a polycrystalline Ta surface.  Based upon these 

results and those of recently published works, a TaF5/Si2H6 precursor chemistry 

for Ta ALD was proposed.  In this method, alternating half-reactions, which, in 

this case, are the reaction of TaF5 with a Si2H6-treated surface (the TaF5 half-

reaction) and the reaction of Si2H6 with a TaF5-treated surface (the Si2H6 half-

reaction), are used sequentially and repetitively to deposit a film.  The adsorption 

and half-reactions of these precursors in the range of 303 to 523 K on 

polycrystalline Ta were studied in ultra-high vacuum using XPS, TPD and 

secondary ion mass spectrometry.  These half-reactions were subsequently used in 

practice to deposit thin Ta films in a specially designed, research-scale ALD 

reactor.  This is the first non-plasma enhanced method reported to deposit Ta by 

ALD.  Finally, the adhesion properties of similar tungsten carbide thin films to 

SiO2 and candidate low-permittivity dielectric substrates was characterized by the 

four-point bend delamination technique.   
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Chapter 1:  Introduction 

1.1 OVERVIEW 

Enhanced computing performance is achieved today by creating integrated 

circuits which can perform more calculations per unit of time.  This is currently 

realized by increasing the density of active electrical devices, transistors, on an 

integrated circuit chip [1].  To do so, the physical dimensions of the devices and 

wiring that connects them together must shrink.  Scaling the geometry alone, 

however, does not solve the problem; new challenges to manufacturing arise 

when smaller architectures are considered.  Most often, the solutions to these 

challenges come from innovations in materials technology. 

In order to operate together, the devices on a semiconductor chip must be 

electrically connected.  This task is achieved through layers containing metal 

“wires” and contacts and insulating dielectrics above the devices in what are 

collectively referred to as interconnect or the back-end [1].  These layers of 

“wiring” are classified into local, intermediate and global levels.  Local wiring is 

comprised of the first two levels of wiring above the transistors, which are 

followed by the intermediate (middle) and global (topmost) levels.  Scaling device 

size also requires scaling of interconnect circuitry at these levels and results in an 

increase in circuit complexity as well.  According to the International Technology 

Roadmap for Semiconductors, a predictor for advancements in the industry, the 

required number of interconnect levels for ultra-large scale integrated (ULSI) 

circuit architectures will increase from 8 to 11 for microprocessor technologies 
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reaching market production in years 2003 (nominal 107 nm device size node) to 

2016 (22 nm node), respectively.  Scaling actually slows the transmission of 

electrical signals within the intermediate and global interconnect levels, 

countering the positive effect of increasing device density [2].  One of the 

aforementioned challenges, this dilemma is explained in more detail below. 

Signal transmission in interconnect is limited by a time delay, which is 

proportional to the product of the resistance (R) of the metal wire lines and the 

capacitance (C) due to the insulating dielectric layers.  The total resistance of the 

conductor is a function of its physical dimensions (length, L, and thickness, t) and 

resistivity (ρ), its intrinsic resistance to conducting electricity.  The capacitance is 

proportional to the permittivity (or dielectric) constant (κ) of the dielectric and 

inversely proportional to the spacing between metal lines (d) [1].  The RC time 

delay, τ, follows the relation: 

td
LRC

2ρκτ ∝=  

As t and d scale down, τ therefore increases.  For integrated circuits at the 250 nm 

node or below, interconnect time delay is the limiting factor for microprocessor 

speed [3,4]. 

To combat this parasitic increase in time delay, materials with favorable 

properties, low-resistivity metals and low-permittivity (low-k) dielectrics, must be 

used [5,6].  Traditionally, aluminum and silicon dioxide have been used as the 

conductor and dielectric, respectively [5].  Copper offers lower resistivity, in 

addition to other benefits, and has effectively replaced aluminum in 
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microprocessor chip interconnect [2].  Many choices abound, on the other hand, 

for low-k dielectrics, insulators with dielectric constants less than silicon dioxide. 

One of the most pressing difficulties with implementing these materials is 

the interaction of copper with silicon and the dielectric.  Copper is highly 

diffusive in silicon and silicon-based materials and can react to form silicide [4,7-

9].  As a dopant in silicon, it forms trap states deep in the band gap, which can 

compromise proper device performance [10].  A barrier layer capable of 

preventing the diffusion of copper into adjacent interconnect materials must be 

used. 

Due to application-specific integration needs, barrier layer design is 

subject to many constraints, in addition to hindering the diffusion of copper.  The 

barrier material must be chemically and thermally stable with respect to copper, 

the low-k dielectric and other interconnect materials.  Furthermore, the film 

deposition technique used must proceed on each material surface encountered.  

One other necessity is that deposition must occur conformally on non-planar  

interconnect architectures.  A conformal film is defined as having the same 

thickness everywhere it is deposited, regardless of the orientation of features onto 

which the film is deposited.  This is discussed further in Section 1.2.1. 

Generally, a refractory transition metal (TM) or TM compound is used in 

practice as the barrier material [2].  One notably investigated and proven barrier 

material is tantalum metal [3,7,8,11-15], which has been used commercially 

[4,16].  Currently, tantalum barrier films are deposited by physical vapor 

deposition (PVD), however this technique is not suitable for creating conformal 
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films over highly-scaled interconnect geometries.  The extendibility of PVD for 

the barrier application will likely be met at the 45 nm node, since films 5 nm in 

thickness or less are predicted.  Furthermore, manufacturable solutions for films 

this thin are not currently known [2]. 

Chemical vapor deposition (CVD) or atomic layer deposition (ALD) 

techniques must be developed.  Of special interest, ALD is an intrinsically 

conformal deposition process, which allows precise control of film thickness [17-

19].  Atomic layer deposition of tantalum has recently been demonstrated using 

inorganic precursor chemistries [20,21].  Rossnagel et al. reported the ALD of Ta 

thin films on SiO2 substrates by using separate, sequential delivery and reaction of 

TaCl5 and a H2 plasma [20].  No other chemistries for Ta ALD have been 

reported. 

As one may gather thus far, many challenges and research opportunities 

abound in the realm of ULSI interconnect.  The development of advanced barrier 

film technology will be crucial to the success of future ULSI generations.  This 

dissertation reports my work towards an alternative chemistry for Ta ALD and the 

characterization of barrier thin films. 

1.2 BACKGROUND 

1.2.1 Interconnect Fabrication 

Conventional Al/SiO2 metallization was used for the 250 nm node and 

previous generations [1,5].  To build one interconnect level, an SiO2 film was 

deposited, and vias (holes which are filled with metal to electrically connect with 

underlying circuitry) were subsequently etched into the film.  Tungsten metal was 
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deposited into the vias, and this first W/SiO2 sub-layer was subsequently 

planarized by chemical-mechanical polishing (CMP).  An Al thin film was next 

deposited and etched accordingly to form the necessary wiring lines on top of the 

W/SiO2 sub-layer, and SiO2 was “gap-filled” into the spaces between the Al lines.  

This second layer was also planarized by CMP, completing the construction of a 

single Al/SiO2 interconnect level [1,5].  This basic structure is shown in 

Illustration 1.1a.  Not shown in this illustration, a Ti/TiN liner is deposited onto 

the SiO2 via of the W/SiO2 sublayer, prior to W CVD, as an adhesion promoter.  

Ti/TiN is also deposited on top of the Al metallization to improve 

electromigration performance and serve as an anti-reflection coating, which aids 

the photolithography processing of the upper interconnect sublayer.  While this 

refractory metal is used for a multitude purposes, no barrier is present between the 

sidewalls of the Al metal lines and the SiO2 insulator. 

Currently, metallization is achieved using Cu with a low-k dielectric in a 

dual-damascene process, in which Cu is filled into features etched into a thin film 

of the dielectric [1,5,6,22].  In contrast to the Al/SiO2 method where Al/SiO2 and 

W/SiO2 wiring sub-layers are built separately, a single dielectric film is blanket 

deposited and subsequently etched to form contact vias and wire “trenches.”  

Copper is filled into both the vias and trenches, as opposed to using two different 

metals.  A conductive barrier layer separates Cu from the surrounding materials, 

conformally “coating” the inside surfaces of the trenches and vias, the non-planar 

architecture referred to earlier.  A dielectric barrier material is present at the top 

and bottom of each metallization level and is also sometimes deposited in the  
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Illustration 1.1: Cross-section of Al/SiO2 (a) and dual-damascene Cu/low-k (b) 
interconnect metallization schemes 
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middle of the low-k, employed as an etch-stop layer [5,6].  A typical dual-

damascene Cu/low-k structure is depicted in Illustration 1.1b. 

The dual-damascene Cu/low-k method is markedly advantageous 

compared to Al/SiO2 metallization.  A report for interconnect structures of equal 

dimensions indicated that the use of Cu/low-k exhibited a 30% increase in 

conductivity, a 20% reduction in capacitance between separate metallization 

layers, and a 30% decrease in capacitance within single interconnect levels 

compared to Al/SiO2 [5].  Additionally, dual-damascene interconnect requires 

fewer processing steps, greatly reducing manufacturing costs. 

Building on Cu/low-k technology, research efforts are pursuing the 

integration of porous materials to further reduce the dielectric constant of the 

insulator.  Porous versions of fully-dense low-k dielectrics, known as ultra low-k 

(ULK) dielectrics, can have dielectric constant values well below 2.5 [23,24]; one 

major problem here is dealing with the porosity itself.  The surface of the ULK 

must be suitable to accept barrier deposition, for example, such that the growth 

precursors do not penetrate into the pores and change the properties of the 

dielectric. 

1.2.2 Atomic Layer Deposition 

1.2.2.1 Principles 

Atomic layer deposition is a film growth technique that involves the gas-

phase transport of precursor molecules to a surface where a film is deposited, 

same as CVD.  ALD, however, employs specific surface chemistries and process 

conditions that result in the self-limiting adsorption and reaction of the precursors.  
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In this manner, these precursors react on the surface, and uptake eventually 

saturates.  Excess is simply pumped away.  In many cases, ALD is performed in a 

binary (two different precursors) sequence of separate, alternating “half-

reactions,” oftentimes incorporating an inert gas purge between reaction steps.  

After each half-reaction, the chemical nature of the surface is changed and 

prepared for the next [19,25]. 

A suitable example of this process is the atomic layer epitaxy (ALE) of 

ZnS, a II-VI compound semiconductor, developed in the 1970’s by Tuomo 

Suntola, a pioneer of ALD.  Epitaxial ZnS films can be deposited by ALD on both 

amorphous and single crystal substrates by using ZnCl2 and H2S precursors [25].  

During nucleation, ZnCl2 is dosed, and in the case of a ZnS initial surface (for 

ZnS homoepitaxy), ZnCl2 adsorbs onto the surface S atoms yielding a Cl-

terminated Zn surface.  For the nucleation step, no byproducts are formed, and 

excess ZnCl2 is pumped away.  H2S is then reacted with the Cl-terminated Zn 

sites.  HCl byproduct is formed, which desorbs, and this completes the first layer 

of the new ZnS film.  For subsequent film growth, dosing ZnCl2 results in the 

evolution of HCl and a Cl-terminated Zn surface, and dosing H2S accordingly 

results in additional HCl evolution and a H-terminated S surface [17].  The half-

reactions and a model schematic for this process are illustrated in Illustration 1.2. 

ZnS ALE is simplistic in the fact that deposition under the correct process 

conditions can lead to complete monatomic layer deposition in only two cycles 

[25].  Not all ALD chemistries behave this efficiently due to differing reaction 

mechanisms and the amount of surface coverage at saturation.  Furthermore, in  
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Illustration 1.2: Growth model for ZnS atomic layer epitaxy half reactions 
[17,19] 
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most cases, ALD does not result in epitaxial films.  ALE ZnS films have been 

used in thin film electroluminescent displays and continue to be used in special 

application light emitting devices today [19]. 

1.2.2.2 Chemistry Selection and Process Considerations 

The key to designing an ALD process is the selection of proper chemistry, 

that which demonstrates self-limiting adsorption and reaction.  Once this behavior  

is confirmed for a set of precursors, process parameters such as half-reaction 

exposure, purge times, and temperature can be optimized.  A single ALD cycle 

may consist of two or more different precursor exposures in addition to 

evacuation and purge steps [17,18].  The surface coverage at saturation for each 

precursor’s half-reaction, nearly always less than a monolayer, determines the 

amount of material deposited per cycle.  This coverage can be influenced by many 

factors including adsorption equilibria, bond strength, the number of available 

adsorption sites, and steric hindrance [17,18].  Surface chemistry also determines 

whether or not film growth can be initialized on a given substrate.  In general, the 

surface must be reactive or terminated with functional groups that react with one 

or more of the precursors.  Many published ALD studies have demonstrated 

growth on hydroxylated SiO2 due to the reactivity of many precursors with 

hydroxyl groups [20,26-29]. 

Surface chemistry determines many aspects of ALD growth behavior.  

The two primary concerns are precursor chemistry with the starting surface 

(transition regime) and the established film, for the “film on film” growth regime.  

The chemistry for these two regimes may differ substantially.  Typically, the 
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transition regime is slow and once complete, it is followed by a linear growth 

[30], depicted in Illustration 1.3.  Also, the initial surface must sometimes be 

chemically treated in preparation for growth.  In the case of W ALD on SiO2 

using WF6 and Si2H6, the SiO2 surface must be exposed to Si2H6 to create reactive 

SiHx surface species [26,28,30].  Without this treatment, WF6 will not react with 

SiO2 to initiate growth [31]. 

To determine if a candidate chemistry is self-limiting and to understand 

these two regimes, fundamental studies explore adsorption phenomena, surface 

reactions, and growth kinetics.  Surface sensitive techniques including X-ray 

photoelectron spectroscopy (XPS) and Fourier-transform infrared spectroscopy 

(FTIR) are used to measure the uptake of precursors to assess self-limiting 

adsorption and reaction.  Film thickness measurements, such as ellipsometry, can 

also be used for this task, in addition to examining growth kinetics.  Since film 

growth occurs in discrete depositions, growth is monitored by the number of 

cycles (Illus. 1.3), not time (as would be the case for conventional CVD).  (Aside: 

The term “kinetics” is used loosely here since the half-reactions are separate and 

allowed to reach completion.  The end result of each reaction is really governed 

by thermodynamics.)  Additional chemical information can be gained using 

secondary ion mass spectrometry (SIMS), temperature programmed desorption 

(TPD) mass spectrometry, and low energy ion scattering (LEIS). 

From the engineering aspect, temperature and precursor exposure are 

tunable parameters used to determine the process window for self-limiting 

adsorption [17-19].  While chemistry ultimately determines whether or not ALD  
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Illustration 1.3: An illustration of typical ALD growth kinetics depicting the 
transition and growth regimes.  The transition regime is not 
necessarily linear, but is shown so for simplicity. 
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is possible, the proper temperature must be selected.  If the substrate temperature 

is too high, the chemicals may decompose to form a multilayer (essentially CVD) 

or desorb, unable to maintain a chemisorbed state.  If temperature is too low on 

the other hand, the precursor may not react and simply condense onto the surface.  

Furthermore, it is desirable to use chemistries that allow all reactions to be 

performed at the same temperature; adjusting temperature between reactions is 

not feasible for suitable throughput.  Exposure is mostly a concern for equilibrium 

adsorption processes.  As long as saturation is reached, excess exposure has no 

effect on the process, except for minimizing the waste of raw materials.  Exposure 

pressures should be high (1 – 1000 mTorr) so that dosing times are short. 

1.2.2.3 Advantages and Disadvantages 

ALD has many advantages over conventional film growth techniques for 

the deposition of ultra-thin (≤ 5 nm) films.  Since films are deposited one 

monolayer or less per cycle, thickness control on the angstrom length scale with 

high reproducibility is achieved.  The resulting films are generally of better 

quality, being more dense and pinhole-free.  For epitaxial chemistries, films 

exhibit a higher degree of crystallinity [19].  Perhaps the most important feature is 

the intrinsic conformality of ALD films.  Since ALD relies on the number of 

adsorption sites present and no multilayer deposition takes place, step coverages 

near 100% are reached.  Another advantage is that the process is independent of 

reactor type [19].  ALD has been demonstrated in high vacuum CVD chambers as 

well as in ultra-high vacuum (UHV) surface analysis chambers.  ALD can also be 

used to fabricate thin film heterostructures with sharp interfaces [19,32,33]. 
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The only major disadvantage of ALD is the slow growth rate.  This 

process is most applicable for films 10 nm thick or less.  ALD is therefore best 

suited for special applications such as ultra-thin diffusion barrier and gate oxide 

films, which require high-quality and conformality at very small dimensions to be 

effective. 

1.2.2.4 Current Research 

In recent years, considerable attention has been directed to the ALD of 

refractory transition metal-based diffusion barriers [26,27,34-36] and metal-oxide 

high permittivity (high-k) dielectrics [14,37-39].  Each of these research areas 

present specific challenges.  ALD is an attractive approach to solving these 

problems and is being explored as a potential solution [2]. 

For the ALD of barrier materials, chemistries to deposit Ta, Ti, W, TaN, 

TiN, and WN have been examined [20,21,26,34,40,41].  The theme of this 

research, as expected, is to determine if candidate chemistries are suitable for 

ALD and to characterize the deposited films.  Most of these chemistries use 

transition metal halides in conjunction with some reducing agent [21,27,36,41].  

As mentioned earlier, the ALD of W has been achieved using WF6 and Si2H6.  

Disilane is used as a reducing agent to remove F ligands from adsorbed WFx 

species, and volatile SiHxFy byproducts are formed [28].  For TiN, half-reactions 

using TiCl4 and NH3 have been successful [34,41].  Ammonia functions as both a 

reducing agent and nitrogen source.  As another example, three-reaction ALD 

cycles using WF6, Si2H6, and NH3 can deposit WN [26,27]. 
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For the deposition of metal-oxide high-k dielectrics on Si, the primary 

challenge is to prevent the formation of an interfacial oxide or silicate layer 

[37,39,42].  These films are being researched to solve scaling problems that affect 

transistor performance [29,37,39].  Silicon oxidizes easily, which poses a 

significant problem when depositing films using oxidizing agents.  ALD is 

suitable for this application because growth can be initialized with a non-

oxidizing species.  Success has been found using metal alkoxide/metal halide 

chemistries.  Ritala and coworkers at the University of Helsinki in Finland have 

deposited Al2O3 by ALD using aluminum trichloride and aluminum isopropoxide 

that do not produce an interfacial oxide [37].  Other dielectrics being pursued for 

ALD are HfO2, Ta2O5, ZrO2, and Al2O3 [21,37,39,42-45]. 

1.3 OBJECTIVE AND CHAPTER OVERVIEW 

The goal of the research presented here is the selection and evaluation of 

precursor chemistry enabling Ta ALD, applying this chemistry to grow films, and 

the characterization of thin films for the Cu-diffusion barrier application.  The 

most significant achievement is the first reported non-plasma assisted Ta ALD 

process, which uses TaF5 and Si2H6.  Chapters 2 through 6 cover the core of this 

work in detail, and Chapter 7 provides summarizing commentary and suggestions 

for future work. 

In Chapter 2, an XPS and TPD study of the surface chemistry of TaCl5 

adsorption on polycrystalline Ta at 130 K is presented.  TaCl5 has demonstrated 

self-limiting adsorption behavior enabling plasma-enhanced ALD [20].  Because 

low temperature barrier deposition processes are desired, this study establishes the 
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lower limit of self-limiting adsorption.  Additionally, interesting phenomena 

involving the ordering of TaCl5 adlayers was discovered and reported.  XPS 

determined that no surface reactions occurred during adsorption at 130 K, and 

binding energy shifts in the Ta 4f and Cl 2p XP spectra suggested interactions 

between TaCl5 molecules in contact with the Ta substrate.  TPD to 900 K of 

adlayers adsorbed at 130 K showed the desorption of two molecular states 

between 200 and 300 K, and the higher temperature state is more structurally 

ordered than the low temperature state.  Chemical reaction between the TaCl5 

interfacial layer and O absorbed in the Ta substrate was observed for the 250 K 

annealing of multilayers adsorbed at 130 K.  Surface coverages estimated by XPS 

were less than coverages estimated by TPD, and the discrepancy is explained by 

the forward scattering of the substrate’s Ta 4f photoelectrons through ordered 

TaCl5 adlayers. 

Chapter 3 explores the choice of Ta-halide precursors and the 

effectiveness of Si2H6 as a reducing agent.  The adsorption of TaCl5 and TaF5 on 

clean Ta and SiO2 surfaces at reasonable ALD growth temperatures in UHV were 

probed by XPS and SIMS.  Both TaCl5 and TaF5 adsorptions on Ta at 473 K were 

self-limiting, and saturation was reached by exposures on the order of 40 L (1 L = 

1.0×10-6 Torr-s).  To test the effectiveness of Si2H6 as a reducing agent, the 

exposure of TaF5-saturated Ta surfaces to 576 L of Si2H6 was investigated by 

XPS and SIMS.  Results suggested the removal of F ligands from adsorbed TaF5 

and an uptake of Si-bearing species.  The adsorption of TaCl5 on SiO2 at 473 K 

showed that uptake may not be self-limiting, implying that true ALD behavior 
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may not apply during reaction with the initial SiO2 surface.  TaF5 was chosen as 

the best candidate for Ta ALD because of thermodynamic considerations, and 

Si2H6 was deemed an effective reducing agent for depositing Ta metal films. 

An in-depth surface science investigation of the adsorption and half-

reaction mechanisms for the proposed TaF5/Si2H6 ALD chemistry on 

polycrystalline Ta is presented in Chapter 4.  TaF5 uptake saturated in UHV 

conditions for less than 100 L exposure for adsorption on both clean Ta and on 

144 L Si2H6-treated Ta.  TaF5 dissociatively adsorbed on clean Ta, and F ligands 

were determined to govern the self-limiting adsorption behavior.  The extent of 

each half-reaction, the reaction of TaF5 with a Si2H6-treated surface and the 

reaction of Si2H6 with a TaF5-treated surface, increased with surface temperature 

and was dependent on SiHxFy byproduct desorption.  Neither Si2H6 adsorption nor 

Si2H6 half-reaction reached saturation in UHV conditions, as measured by the 

surface Si concentration.  F ligands were removed during the Si2H6 half-reaction, 

and residual F asymptotically approached a constant value.  These results 

suggested possible implementation of this chemistry in Ta ALD, which is 

explored in the next chapter. 

Chapter 5 presents the surface chemistry of TaF5 on SiO2 and film growth 

on SiO2 via TaF5 and Si2H6 half-reactions.  The adsorption and reaction of TaF5 

on SiO2, which is relevant to transition regime chemistry, was studied by XPS and 

SIMS for both UHV and film growth exposure pressures.  The F:Si atomic ratio, 

the metric for TaF5 uptake on SiO2, did not saturate at 523 K in UHV; after a fast 

initial uptake, F:Si increased linearly with exposure.  Uptake was reduced when 
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the SiO2 surface was annealed in the range of 923 to 1373 K prior to adsorption at 

523 K, and adsorption was inferred to be a function of surface hydroxyl group 

concentration.  Static secondary ion mass spectrometry (SIMS) detected SiF+, 

TaO+, TaF+, TaSi+, TaSiO+, and TaSiF+ ions after an approximate 2 Langmuir (1 

Langmuir, L = 1×10-6 Torr•s) total exposure.  These SIMS ions and a reduction in 

the SiO+ intensity suggested a break-up of the Si-O bonding at the surface and the 

formation of Si-F and silicate-like bonds.  Additionally, five sequential 1 min 

TaF5 exposures at 100 mTorr, a typical pressure for vapor deposition conditions, 

were performed in a film growth chamber, and a 3.1 nm thick TaO2F film 

resulted.  These data suggested that TaF5 adsorbs by means of an interfacial 

oxidation reaction in which O from the substrate is consumed to form Ta 

oxyfluoride.  These studies concluded that the initial ALD cycles that establish 

the first regions of film on SiO2 or SiO2-based dielectrics may not proceed in true 

ALD mode due to the high reactivity of TaF5 with SiO2. 

The inclusion of Si2H6 with TaF5 in an ALD process, however, resulted in 

the deposition of metallic Ta on SiO2 at 523, 573, and 623 K.  No Ta oxyfluoride 

formation was observed.  The films contained Si in the metallic chemical state, 

attributed to the solubility of Si in Ta, and had a finite F impurity, predominantly 

on the surface.  Cooling the films under a Si2H6/He gas mixture reduced the F 

presence.  Thick films (> 200 nm) deposited at 523 K were very conductive (190 

µΩ-cm resistivity).  This is the first demonstration of film growth using this 

chemistry. 
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A more application specific problem, the adhesion of thin film barrier 

heterostructures, is considered in Chapter 6.  For the future process development 

and characterization of Ta thin films deposited by ALD, adhesion is critical for 

successful integration.  Interfacial adhesion and the toughness of interconnect 

structures have become increasingly important with the advent of new barrier and 

dielectric materials and the implementation of chemical mechanical planarization 

[46].  The adhesion of copper and various dielectric thin films to tungsten carbide, 

a similar refractory metal barrier, was studied using interfacial critical debond 

energies obtained by the four-point flexure method.  Tungsten carbide (W2C) 

films 33.3 nm thick were vapor deposited onto SiO2, spin-on carbon polymer 

resin (CPR), CVD organo-silicate glass (OSG), and spin-on siloxane-organic 

polymer (SOP) surfaces using DC-magnetron sputtering of a W metal target and a 

methane substrate plasma.  Copper films 42.5 nm in thickness were vapor 

deposited onto W2C.  Some interfaces were modified by an Ar plasma, 1 nm W 

deposition, or O2 plasma treatment prior to Cu deposition.  A W2C film deposited 

onto a CPR substrate was annealed for two hours at 673 K in a 99% N2/1% H2 

forming gas mixture.  For the untreated dielectric surfaces, the debond energy 

ranged from 3.95 to 39.9 J/m2.  In order of descending adhesion energy, the 

substrates are ranked: CPR, SiO2, SOP, and OSG.  Ar plasma treatment of the 

SiO2 surface increased the debond energy from 20.3 to 41.3 J/m2.  The Cu/W2C 

debond energy was 20.4 J/m2.  Ar plasma or 1 nm W deposition treatment to the 

carbide surface moved the point of delamination from the Cu/W2C interface to the 

W2C/CPR interface for a Cu/W2C/CPR multilayer structure. 
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Chapter 2:  Surface Chemistry of the Atomic Layer Deposition 
Precursor TaCl5 on Polycrystalline Ta 

2.1 INTRODUCTION 

Transition metal-halide (TM-halide) precursors have been studied widely 

for the chemical vapor deposition (CVD) of TM and TM compound thin films.  

The high temperatures required to prevent excessive halogen incorporation in 

these films, however, became undesirable for microelectronic device fabrication 

requiring lower processing temperatures.  This problem led to a decline in the use 

of halide-based precursors and a shift to organometallic precursors.  Today, 

increasing interest in thin film growth by atomic layer deposition (ALD) has led 

to a resurgence of interest in halide-based precursors [1-4]. 

ALD uses separate, alternating delivery of growth precursors to grow a 

film one atomic layer, or fraction thereof, at a time through a sequence of half-

reactions involving the formation of volatile ligand byproducts.  This method has 

been described in Chapter 1 and thoroughly in other literature [1,2].  Precursors 

suitable for this method exhibit self-limiting chemisorption on the surface during 

growth; after the surface is saturated, excess precursor does not continue to 

adsorb.  It is also important that the precursor does not physisorb or decompose to 

form multilayers on the growing surface within the operating temperature range.  

Film growth studies published in the past few years suggest that TM-halides 

possess these properties [3,5-8], but no research has investigated the temperature 

regimes for multilayer physical adsorption of these halides.  This is an important 
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consideration since deposition at temperatures as low as even room temperature is 

desired. 

Ta ALD film growth on SiO2 has been reported using a TaCl5/H2-plasma 

process for ultra-thin (< 5 nm thick) Cu-diffusion barrier films [5].  Using this 

method, TaCl5 is adsorbed and saturates the surface.  Subsequent H2 plasma 

treatment reacts with the Cl ligands forming HCl, which desorbs, and Ta atoms 

are left behind.  When this TaCl5/H2-plasma process is performed repeatedly, the 

substrate is covered by a Ta film, and TaCl5 adsorbs onto a Ta surface for 

continued Ta ALD.  A more complete understanding of Ta ALD with TaCl5 

requires knowledge of the physical and dissociative adsorption regimes.  TaCl5 

decomposition on Ta has been observed in the range of 1300 to 2800 K [9].  This 

chapter investigates the temperature regime for physical multilayer adsorption of 

TaCl5 on polycrystalline Ta and the physical properties of these adlayers. 

X-ray photoelectron spectroscopy (XPS) and temperature programmed 

desorption (TPD) studies are presented for the temperature range 130 to 900 K.  

For the adsorption of multilayers at 130 K, the surface coverage estimated by XPS 

was less than that estimated by TPD.  This is explained by ordered TaCl5 adlayers 

on the Ta surface resulting in forward scattering (FS) of the Ta substrate 

photoelectrons, thereby enhancing the substrate signal.  In developing this 

explanation, the growth mode of adlayers adsorbed at 130 K was considered 

carefully, and peculiar results from detailed experiments rule out the possibility of 

this discrepancy being due to island or Stranski-Krastanov (S-K) growth mode 

effects. 
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Egelhoff has described the FS (also referred to as forward focusing) of 

photoelectrons and Auger electrons during spectroscopy analysis and how this 

effect can be exploited to study the structure of surfaces.  Photoelectrons emitted 

along bonding directions or primary crystal axes can experience preferred 

scattering along these directions due to the atomic potential in the structure [10].  

Numerous investigations have applied this concept with angle resolved 

spectroscopy to determine surface structure, including the orientation of adsorbed 

molecules on surfaces [10]. 

Initial criteria are met for FS to occur in this study.  The emitted 

photoelectrons must have a kinetic energy of at least a few hundred eV [10], and 

the metallic Ta 4f photoelectrons in this experiment have an average kinetic 

energy of 1459 eV.  Also, FS increases with the atomic number of the scatterer 

and becomes significant for Cl and heavier atoms, and the transition metals are 

particularly strong forward scatterers [10].  Ultimately, ordered structure must be 

present, and a structured model is proposed. 

2.2 EXPERIMENTAL 

Experiments were performed in a cylindrical stainless steel ultra-high 

vacuum (UHV) chamber with typical base pressure of 1-2×10-10 Torr.  This 

chamber was equipped with both cryogenic and diffusion pumps for achieving 

UHV.  Cryogenic pumping was used during surface analysis and general base 

pressure maintenance.  An axially, top-mounted sample manipulator allowed x, y, 

z, and θ sample manipulation.  This manipulator included feedthroughs for liquid 

N2 sample cooling, resistive electrical sample heating, and thermocouple 
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temperature measurement.  With this arrangement, the sample could be positioned 

in the chamber to face surface analysis or dosing stations.  XPS and mass 

spectrometry analysis tools were available.  The XPS system (Perkin Elmer PHI 

5000C ESCA System) included an Al/Mg dual X-ray source and spherical 

capacitance analyzer with extended lens optics having a fixed 58.70 eV pass 

energy, which permitted 0.5 eV energy resolution.  An Extrel C50 quadrupole 

mass spectrometer (QMS) with a tandem-mounted ionizer enabled residual gas 

analysis (RGA), secondary ion mass spectrometry (SIMS), and TPD.  Up to eight 

mass to charge ratio (m/z) signals could be collected versus time for each TPD 

and SIMS analysis.  A Kratos Mini-Beam ion gun plumbed with argon provided 

an Ar+ ion beam for sample sputtering. 

The sample surface used in this study was a 12 × 10 mm piece of 0.025 

mm thick Ta sheet (Electronic Space Products International, 3N8 grade).  This 

sheet was mounted onto a 0.051 mm diameter Ta wire support spot welded to the 

back of the Ta sheet.  The support wire also served as a resistor to heat the 

sample, in addition to thermal contact to a liquid N2-cooled copper block.  For 

temperature measurement, a type K thermocouple junction (fabricated of 0.013 

mm diameter chromel and alumel wires) was spot welded to the center of a 3 mm 

× 2 mm piece of 0.013 mm thick Ta foil.  This piece of foil was spot welded to 

the back of the sample with the junction contacting the sample.  The sample could 

be reproducibly cooled to 120 K and heated to 923 K with precise temperature 

control.  After installing the sample, baking the chamber and pumping to base 

pressure, the sample was annealed to 923 K for 10 min and then sputtered for 4 hr 
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with 5 keV Ar+ ions with a sample current of about 0.7 µA.  After sputtering, the 

sample was re-annealed. 

TaCl5 (white, crystalline powder, 99.99 % purity) was purchased from 

Strem Chemicals, Inc., and approximately 1 g was loaded in a N2 ambient into a 

quartz vial terminated with a 0.25-in face seal fitting.  This vial was piped to the 

UHV chamber via stainless steel valves to a doser inlet tube to the chamber.  The 

doser piping permitted purging of the precursor container before dosing.  The 

doser tube and electrical connections providing doser heating within the chamber 

entered via feedthrough welds in 2.75-in. knife edge vacuum flanges.  The vial 

was heated to between 333 and 363 K, and the dosing lines were heated to about 

373 K.  To deliver the TaCl5 molecules to the sample surface, the latter was 

positioned about 0.5 cm away from the doser tube.  The precursor container was 

pumped by a turbomolecular pump for at least 10 min, and the valve to the pump 

was then closed.  Subsequently, the valves between the container and chamber 

environment were opened for a set amount of time to control the dose. 

Low temperature thermal desorption studies were performed for TaCl5 

adsorption onto the polycrystalline Ta surface at 130 K.  Prior to adsorption, the 

sample was annealed at 923 K for 10 min to desorb surface impurities.  

Photoelectron spectroscopy revealed that the intensity of C and O detected on the 

surface was reduced after this annealing step.  Afterwards, the sample was cooled 

to about 120 K and then heated to 130 K for the duration of dosing, and once the 

chamber returned to its base pressure, the sample was recooled to ~120 K.  To 

perform TPD, the sample was ramped at a rate of 1 K/s to 923 K and held at 923 



 29

K for 10 min.  TPD data were collected from 130 - 900 K, and the mass 

spectrometer monitored m/z 16 (O+), 18 (H2O+), 181 (Ta+), 197 (TaO+), 216 

(TaCl+), 251 (TaCl2
+), 286 (TaCl3

+), and 323 (TaCl4
+) signals.  No m/z 358 signal 

(TaCl5
+) was detected during RGA or TPD of TaCl5, in accord with previously 

published results [9].  A minimal amount of TaO+ was detected during TPD; it 

peaked with the Ta+, TaCl+
, TaCl2

+, TaCl3
+, and TaCl4

+ signals (referred to 

collectively as TaCl(0-4)
+).  This TaO+ fragment was also detected by RGA during 

dosing and was due to partially oxidized precursor material in the precursor 

container. 

XP spectra were collected using an Al Kα X-ray source before and after 

dosing and annealing steps in each TPD run.  Adsorbate thickness was estimated 

from attenuation of the substrate’s metallic Ta 4f XP peak area using the 

following formula: 

0

ln
I
It λ−=  

where t is the adsorbate thickness, and λ is the inelastic mean free path (IMFP) of 

the Ta 4f photoelectron (20 Å when using Al Kα X-rays).  I/I0 is the ratio of peak 

area intensities following and prior to adsorption, respectively.  To denote surface 

coverage in monolayers (ML), the thickness of one ML of TaCl5 was estimated to 

be 5.45 Å from the bulk solid specific gravity of 3.68.  Except where noted, XPS-

calculated coverages are referred to throughout this paper.  In XP spectra for 

TaCl5 coverages above 1 ML, Ta metal (22.1 and 24.0 eV) and metal-halide (27.6 

and 29.5 eV) 4f peaks could be clearly distinguished and separately fit with 

Gaussian/Lorentzian peak shapes.  The surface coverage calculation assumes a 
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two-dimensional, “layer-by-layer” arrangement and does not account for three-

dimensional structures or FS within ordered overlayers.  This assumption, in 

comparison with the TPD data, is considered further in the Results and Discussion 

sections. 

2.3. RESULTS 

2.3.1 Adsorption at 130 K 

The sample cleaning procedure produced a Ta surface of purely metallic 

character in the Ta 4f photoelectron spectrum.  The 4f7/2 XP peak was located at a 

binding energy of 22.1 eV, with the 4f5/2 XP peak located +1.9 eV away, 

consistent with metallic Ta spectra [11].  Oxygen and carbon contamination, 

estimated to be less than three atomic percent each, were the only other elements 

detected by XPS.  Static SIMS performed on the cleaned Ta surface also 

suggested that the surface was predominantly metallic, and the ratio of O to Ta 

was much less than that of Ta2O5 for fully oxidized Ta [12].  Of worthy note here, 

atmospheric oxide gases (CO, CO2, NO) can dissociate on Ta(100), and the 

resulting products can absorb into the Ta lattice [13].  It is also known that O, C 

and N are soluble in Ta to several atomic percent before reacting to form Ta 

compounds [13].  Achieving a pure Ta surface requires annealing to 2800 K in 

UHV to remove O, the last impurity to leave [13].  Doing so generally requires 

electron bombardment heating.  From a film growth perspective, such extreme 

annealing would not be an option, and the sample impurities were within tolerable 

limits for our study. 
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TPD data suggest that TaCl5 desorbs molecularly.  Two primary 

desorption peaks, the first labeled α1 and the second α2, were observed in the 

range 200 to 300 K during TPD (Fig. 2.1).  The TaCl(0-4)
+ peaks reached maxima 

at the same (α1 and α2) temperatures and had similar shapes for a given coverage.  

Furthermore, the peak intensities increased as exposure increased and do not 

appear to saturate.  Comparison of the integrated  TaCl(1-4)
+ peak areas normalized 

to the Ta+ peak area for low and multilayer coverages were the same within the 

limits of experimental uncertainty.  Table 2.1 shows normalized peak area data for 

0.45 ML, 1.8 ML, and 11.4 ML coverages, indicating comparable normalized 

amounts of desorbing species. 

XP spectra suggest that TaCl5 adsorbs molecularly.  The ratio of the Ta 4f 

metal-halide and Cl 2p photoelectron peak areas remained constant from 1.8 ML 

to 11.4 ML.  At 11.4 ML (62.1 Å), very little Ta metal signal from the substrate 

was detected (Fig. 2.2), indicating that the surface was covered.  (This coverage 

was estimated from its TPD peak area referenced against the 8.8 ML TPD peak 

area since the substrate signal was almost fully attenuated.)  The precursor is a 

solid and thermally stable at room temperature [14], and surface layers on the 

order of 10 ML should resemble condensed TaCl5.  The XP spectra for 11.4 ML 

were therefore taken as chemically representative of bulk-like TaCl5.  At 1.8 ML 

coverage where surface reactions could occur, the ratio (Ta-chloride 4f:Cl 2p) was 

the same as the 11.4 ML case (0.59 at 1.8 ML vs. 0.56 at 11.4 ML).  Were TaCl5 

to dissociate upon adsorption, it is expected that this ratio would decrease at lower  
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Figure 2.1: TPD spectra for 6.0 ML of TaCl5 dosed at 130 K onto 
polycrystalline Ta.  For this coverage, the α1 peak desorbed at 247 
K, and α2 desorbed at 265 K. 
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Table 2.1: Normalized TPD peak areas for low and “bulk-like” coverages for 
adsorption at 130 K 

XPS Surface Coverage (ML) 

Ion Signal 0.45 1.8 11.4 

Ta+ 1.00 1.00 1.00 
TaCl+ 0.82 0.88 0.91 
TaCl4

+ 0.51 0.52 0.57 
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Figure 2.2: Variable coverage Ta 4f XP spectra of TaCl5 adsorbed on Ta prior to 
TPD 
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coverages as the Ta5+ metal center would be partially reduced; this was not 

observed. 

Variable-coverage thermal desorption analysis was also performed.  A 

collection of variable-coverage TPD spectra of TaCl+ (m/z 216), the most intense 

ion signal, is presented in Figure 2.3.  The relative amounts of the α1 and α2 peaks 

changed with adsorbed coverage.  At 1.8 ML, the α1 peak dominated, and from 

4.9 to 11.4 ML, the α2 peak dominated.  At 4.9 ML, α2 interestingly increased 

dramatically in magnitude relative to α1.  Reaching 6.0 ML, the α1 peak began to 

increase again.  TPD was repeated for similar coverages (5 and 6 ML), and the 

behavior was duplicated.  Desorption of thicker adlayers (8.8 and 11.4 ML) 

suggested that the relative amounts of α1 and α2 did not change further, and the 

absolute area of both increased with greater coverage.  Comparison of the surface 

coverages calculated by XPS to the corresponding TPD peak areas displayed non-

linear behavior (Fig. 2.4).  At initial inspection, this is likely assumed to be related 

to the growth mode of the TaCl5 adlayer for adsorption at 130 K; however, careful 

inspection of the results including annealing experiments, to be discussed later in 

this chapter, show that this is not the case. 

Variable-coverage XP spectra (Fig. 2.2) suggest there is a molecular 

interaction between adsorbed TaCl5 and the Ta surface.  For “bulk-like” coverage 

(8.8 and 11.4 ML), Ta halide 4f5/2 and 4f7/2 doublet peaks were located at 29.5 eV 

and 27.6 eV, respectively.  These peaks shifted down by 0.2 eV at 1.8 ML 

coverage.  The Cl 2p peak (not shown), located at 199.6 eV for bulk coverage, 

shifted up by 0.1 eV at 1.8 ML.  Changes were also observed in the Ta 4f spectra  
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Figure 2.3: Variable coverage TaCl+ (m/z 216) TPD spectra.  Both the α1 and α2 
states desorbed at higher temperature with increased coverage. 
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Figure 2.4: Adsorbate coverage thickness, estimated using XPS, of adlayers 
subsequently desorbed in TPD experiments compared to the 
resulting integrated TPD peak area 
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for the Ta substrate.  Ta 4f peaks were at 24.0 eV (4f5/2) and 22.1 eV (4f7/2) for the 

clean substrate, and at 8.8 ML, the Ta metal peaks shift up by 0.1 eV (Fig. 2.2).  

These shifts were below the stated resolution for our machine, but peak position 

measurements for the variable coverage Ta 4f and Cl 2p XP spectra showed a 

consistent trend from high to low adlayer coverages.  Furthermore, since the Ta 

halide and Cl peaks shifted in opposite directions, this observation should not be 

due to a systematic artifact, such as sample charging.  At higher coverage (≥ 11.4 

ML), the substrate peaks were not sufficiently detected above the background.  

Conversely, the Ta halide peaks were weak at low coverage (< 1.8 ML).  The full 

width at half maximum peak height (FWHM) of each peak type (i.e. Ta 4f5/2, Ta 

4f7/2, Cl 2p) remained constant within experimental uncertainty over the range of 

coverages examined; no chemical states other than Ta metal and halide were 

found.  These chemical shifts, if valid, may be due to bridge-bonding, which is 

well known to occur in TM halides [14], between the adsorbed TaCl5 and the Ta 

substrate; i.e., Cl atoms of TaCl5 are also bonded to Ta atoms in the substrate. 

2.3.2 Annealing of Adlayers Adsorbed at 130 K 

To investigate differences between the α1 and α2 peaks, TPD experiments 

for TaCl5 adsorption with annealing were performed.  After adsorbing 6 ML at 

130 K, the sample was annealed to 230 K for 30 min to desorb the α1 molecules.  

The resulting spectrum is compared to 6 ML TPD without annealing in Figure 

2.5.  The α1 peak was removed, and the α2 peak increased.  During annealing, the 

chamber pressure increased above background, suggesting desorption.  The TPD 

data suggest two competing events during annealing, desorption from the surface  
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Figure 2.5: TPD spectra of 6 ML dosed at 130 K and 6 ML dosed at 130 K with 
subsequent annealing at 230 K for 30 minutes.  During annealing, 
some α1 molecules move to the α2 state, and some desorb. 
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and a shift from the α1 to the α2 state.  XPS analysis revealed that 1.4 ML of the 

original 6 ML remained on the surface.  Interestingly, comparison of the 

integrated desorption peak areas of the as-deposited and annealed cases suggested 

that close to the initial 6 ML remained.  The XPS and TPD coverage estimations 

do not agree, and in Section 2.4 this is associated to FS. 

To test the shift from α1 to α2 independently of desorption, 7 ML were 

dosed at 130 K and then annealed at 200 K, well below the leading α1 desorption 

edge.  The resulting TPD spectrum is shown in Figure 2.6.  The α2 state 

dominated and desorbed at 266 K, and α1 was only a small shoulder at 243 K.  

Annealing below the desorption temperature increased the α2 state.  The Ta and 

Cl XPS signals for TaCl5 did not change after annealing, while the substrate 

signal increased (Fig. 2.7).  Before and after annealing, respectively, 6.8 and 5.7 

ML were measured by XPS, yet no pressure change was observed in the chamber 

during annealing.  We did not expect a coverage change since no desorption 

occurred, and the XPS measurement is once again suspicious as it was in the 230 

K-annealed 6 ML case. 

As shown in Figure 2.3, coverage played a role in the relative population 

of α1 and α2 TaCl5, and it was suspected that overlayers induced α2 formation.  A 

single peak at 233 K was found for 0.45 ML adsorption (Fig. 2.8) and is near the 

α1 peak for 1.8 ML adsorption (Fig. 2.3).  In a separate experiment, 0.47 ML was 

annealed to 180 K for 10 min to test the effects of thermal treatment separate from 

the influence of multilayers.  The chamber pressure remained constant during 

annealing, and one feature at 249 K, attributed to α2, was observed (Fig. 2.8). 
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Figure 2.6: TPD spectra of 7 ML dosed at 130 K and annealed at 200 K, below 
the α1 desorption peak.  No pressure change was observed in the 
chamber during annealing, and α2 dominated the desorption peak. 
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Figure 2.7: Ta 4f and Cl 2p spectra for 7 ML show that the absolute intensity of 
the precursor peaks remained about the same after annealing to 200 
K for 10 min.  The substrate Ta peak, however, increased. 

 



 43

 

20

15

10

5

0

Q
M

S 
In

te
ns

ity
 (a

.u
.)

400300200

Temperature (K)
400300200

233 K

249 K

(a) (b)

 

Figure 2.8: TaCl+ TPD spectra of (a) 0.45 ML dosed at 130 K and (b) 0.47 
dosed at 130 K and annealed at 180 K for 10 min.  XPS indicated 
that no desorption occurred during annealing. 
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The 16 K difference between the as-adsorbed 0.45 ML dose and the annealed 0.47 

ML dose desorption peaks indicated a significant change in adsorption state.  

These data suggest that the α2 state can be thermally derived from the α1 state 

without overlayers.  Corresponding XPS data indicate that the original 0.47 ML 

remained on the surface after annealing.  Assuming that the XPS calculation is 

correct for sub-monolayer coverage, the corresponding TPD area can be used as a 

reference to estimate a TPD-based coverage for other TaCl5 exposures.  Table 2.2 

shows that the XPS-based estimates are less than those predicted by TPD, and this 

comparison supports Figure 2.4. 

TPD was also used to determine if a desorbed α1 state could be 

repopulated by dosing onto an adlayer annealed to remove the α1 state.  Eight ML 

were dosed at 130 K and annealed at 230 K for 10 min.  Another 8 ML were 

dosed at 130K onto the surface after annealing.  The resulting TPD spectrum had 

no discernable α1 peak and consisted of a strong α2 peak (Fig. 2.9).  Apparently 

the only way to produce the α1 state is to deposit at low temperature (130 K) onto 

a clean surface. 

2.3.3 Chemical Interactions with the Surface 

Annealing for 10 min at 923 K at the conclusion of a TPD run completely 

removed any remaining TaCl5 from the Ta surface.  Neither Ta-halide nor Cl 

peaks were detected by XPS, and the Ta surface contained less O after post-TPD 

annealing than the surface before TaCl5 adsorption.  Suspecting reactions between 

TaCl5 and O absorbed in the Ta lattice, TPD was performed for a 5.8 ML dose 

annealed at 250 K for 10 min.  Compared to 6.0 ML TPD without annealing, no  
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Table 2.2: Surface coverages based on XPS attenuation of the Ta 4f metallic 
peak compared to coverage estimated by the TaCl+ TPD peak area 
integrated from 130 to 900 K 

Surface Coverage (ML) 

Calculated by XPS Calculated by TPD 

0.45* 0.45 
1.8 1.5 
4.9 7.3 
6.0 8.9 
8.8 21.7 
11.4** 25.7 
* The TPD area in this experiment was used as the basis for the TPD estimates. 
** This initial value was calculated from TPD areas using the 8.8 ML case as the 
basis, and is also a reduced value.  Direct evaluation by XPS was not possible 
because the substrate signal was completely attenuated. 
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Figure 2.9: Repopulation experiment: 8 ML were dosed at 130 K followed by 
annealing at 230 K for 10 minutes to remove the α1 peak.  Another 8 
ML were dosed at 130 K after annealing.  The TPD spectrum shows 
that the α1 state was not repopulated during the second dose. 
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significant TPD signal is detected, as expected (Fig. 2.10).  Attenuation of the 

substrate Ta 4f signal indicated, however, that about 0.8 ML remained after 

annealing.  Close inspection of the TPD spectra yielded interesting results; peak 

shapes different from previous TPD experiments were detected with multiple 

desorption maxima (Fig. 2.11).  The TaCl(1-4)
+ signals had similar, but not 

identical, shapes, and the maxima of the chloride traces did not occur at the same 

respective temperatures.  The TaCl(0-4)
+ signals began to rise above 250 K during 

the TPD.  The TaO+ signal did not begin to increase until ~400 K, and peaked at 

425 K.  The chloride traces resembled a convolution of several desorption events 

including a final event coinciding with the TaO+ peak. 

The data argue that slightly above 250 K, mostly chloride-bearing Ta 

species desorbed, and above 400 K, some oxidized tantalum moiety desorbed.  It 

is proposed that, during annealing of multilayers at 250 K, TaCl5 reacted with O 

absorbed in the Ta substrate.  Oxychlorides of transition metals are often volatile 

[15], and the possible byproducts tantalum (V) oxide trichloride, tantalum (V) 

dioxide chloride, and tantalum (IV) oxide dichloride are known to exist [14].  

Formation of oxychlorides in this case requires liberation of Cl.  The use of TaCl5 

in our apparatus established a high Cl+ background, and no Cl+ peak was detected 

during TPD of the remaining 0.8 ML.  (Cl+, m/z 35 and 37, was routinely detected 

during the TPD of physisorbed multilayer coverages, and the Cl+ spectra 

resembled the corresponding TaCl(0-4)
+ spectra.)  Since this result is an artifact of 

having O substrate contamination, measurements for tantalum oxychloride  
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Figure 2.10: TPD spectra of (a) 6.0 ML dosed at 130 K and (b) 5.8 ML dosed at 
130 K, subsequently annealed to 250 K for 10 min.  XPS indicated 
about 0.8 ML remained after annealing. 
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Figure 2.11: Close inspection of TPD spectra corresponding to Fig. 2.10 (b) for 
0.8 ML remaining after 10 min of annealing at 250 K of an initial 5.8 
ML dosed at 130 K 
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species were not performed.  Reactions with O were not observed when annealing 

sub-monolayer coverages. 

In the interest of using TaCl5 for Ta ALD, molecular desorption features 

are below typical ALD processing temperatures (T > 300 K).  TPD data for 

dosing TaCl5 onto Ta at 300 K (not shown) also showed similar desorption of 

tantalum oxychlorides, suggesting reactions with O in the Ta lattice, and a 

multilayer could not be formed for exposures greater than those used in the 130 K 

adsorption experiments (Figs. 2.1 and 2.3). 

2.4 DISCUSSION 

2.4.1 TaCl5 Desorption Mechanisms 

It was surprising to find TaCl5 desorbing from the Ta surface at 

temperatures where the precursor could not be dosed into the chamber.  With the 

precursor container temperature at 300 K, RGA could not detect any TaCl5 in the 

chamber with the dosing valves completely open; it could not be dosed.  This 

implies that thin, adsorbed films of TaCl5, which desorb at temperatures lower 

than 300 K, do not behave like bulk TaCl5, and molecules in these thin adlayers 

are not as strongly bound together compared to molecules in the bulk, which is 

crystalline [14,16].  Molecules in the adlayer, however, are more attracted to each 

other than the Ta surface because the molecules do not decompose on the surface 

at 130 K, and they molecularly desorb at low temperatures.   

As the adlayer thickness increases, the desorption temperatures of the α1 

and α2 states increase, suggesting that the adlayer becomes more bulk-like with 

respect to intermolecular binding.  Due to the chamber pressure recovery time 
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required after doses above 11.4 ML, which was not practical in our apparatus, the 

desorption of thicker adlayers was not performed.  It is expected for very thick 

adlayers (≥ 100 ML) that the desorption temperature will be close to bulk 

sublimation temperatures (about 333 K and above to dose into the chamber). 

2.4.2 TaCl5 Surface States 

XPS determined that TaCl5 adsorbs molecularly onto polycrystalline Ta at 

130 K, and TPD showed molecular desorption occurring in two states.  Of the two 

states, α1 is dominant at coverages up to 1.8 ML, and α2 is favored at higher 

coverages and after annealing.  TPD suggested that only α1 is present during 130 

K adsorption up to at least 0.5 ML.  The relative amount of α2 increases with 

continued adsorption to multilayer coverage or with annealing. 

Given the dependence of the TPD spectra on multilayer formation and 

annealing, we expect a physical difference between the α1 and α2 states.  The α2 

state is more thermodynamically stable and proposed to be more ordered than the 

α1 state.  Detailed consideration of our results and cases for annealing adlayers 

below the TaCl5 desorption temperature, in particular, lend insight to the physical 

differences between these two states and their behavior.  Two models invoking 

structure are evaluated to explain why the XPS-based coverages were less than 

the TPD-based coverages for adsorption at 130 K and to explain changes induced 

by annealing. 

At first glance, the non-linearity between the adlayer thickness calculation 

and the TPD areas (Fig. 2.4, Table 2.2) appear to be related to the growth mode of 

the film.  Since attractive interactions between the TaCl5 molecules are stronger 
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than those with the Ta surface, either an island or Stranski-Krastanov (S-K) 

growth mode is expected [17].  XPS probes a depth limited by the IMFP of the 

escaping photoelectrons, and if island features, as opposed to a planar film, are 

present, signal from the adlayer is attenuated because photoelectrons from 

molecules at the bottom of the islands are more heavily scattered.  The substrate 

signal, on the other hand, is stronger compared to the same amount of adsorbate in 

a planar arrangement due to exposed or sparsely covered substrate regions.  The 

appearance of two desorption peaks in the TPD data hint at S-K growth, where α1 

would be due to the thin “wetted” region in direct contact with the surface and α2 

would originate from the island regions.  An obvious problem with this model is 

that for very thick adlayers where the substrate signal was completely attenuated 

(11.4 ML Ta 4f XP spectrum, Fig. 2.2), two distinct desorption peaks existed 

(11.4 ML TPD, Fig. 2.3).  This is contradictory to the S-K growth model because, 

if the substrate was completely covered, α1 should have been absent.  Only one 

desorption peak from α2 molecules, those in direct contact with each other (which 

applies to molecules desorbing from the island region surfaces) should have been 

present. 

The behavior of annealed adlayers further contradict the S-K growth 

hypothesis.  Were the adsorbed film in an S-K arrangement, annealing should 

mobilize the wetted region molecules to diffuse to the islands (versus the surface) 

due to the preferred molecular interactions.  When this happens, similar to the 

dewetting of a flat, conformal film during annealing, the XPS intensity of the 

measured adlayer decreases, and the substrate signal increases [18].  This occurs 
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because the nominal island diameter increases, and the adlayer’s characteristic 

photoelectron signal is attenuated as molecules at the bottom of the island are 

more heavily covered.  Similarly, the substrate is more exposed after the wetted 

region molecules diffuse to the islands, and the substrate signal increases.  Upon 

annealing the 7 ML adlayer below the TaCl5 desorption temperature, the XPS 

substrate signal increased, yet there was no decrease in the Ta-halide 4f intensity 

(Fig. 2.7).  The XPS data are not consistent with this model. 

Ultimately, the most convincing challenge to the S-K model is that the α1 

state could not be repopulated once desorbed.  Annealing multilayers at 230 K 

completely removed α1 (Fig. 2.5), and a second adsorption at 130 K following 

230 K annealing (Fig. 2.9) did not restore α1.  If α1 were due to the wetted region 

in accord with S-K, the second 130 K adsorption should have replaced it, but it 

did not.  These desorption peaks are not due to growth mode effects. 

Ordered TaCl5 adlayers and the forward scattering of substrate 

photoelectrons during XPS offer a better explanation.  If a TaCl5 adlayer were 

ordered, FS of substrate photoelectrons by the ordered adlayer could cause an 

enhanced substrate signal.  For the XPS apparatus to detect FS, FS would have to 

occur normal to the sample surface, because the XPS analyzer inlet in the system 

is parallel to the sample normal.  Consequently, the direction of the ordering (the 

critical scattering direction, a primary crystal or bonding direction) of the adlayer 

must also be normal to the sample surface to be detected. 

To consider all of the possible geometries of an ordered TaCl5 adlayer is a 

daunting task.  One scenario is described based upon the known solid-state 
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structure of TaCl5 to show that the oriented adlayer model is not unfounded.  

Solid TaCl5 is crystalline and belongs to the space group C2/m with a monoclinic 

unit cell of dimensions a = 18.30 Å, b = 17.96 Å, c = 5.888 Å, and β = 90.6° [16].  

There are twelve TaCl5 molecules (point group D3h [15,19]) in the unit cell, and 

the molecules are grouped in pairs, which are bridge-bonded via one equatorial Cl 

per molecule [14].  Given the solid state structure of TaCl5, crystal formation on 

the Ta surface during adsorption is possible, and if the TaCl5 adlayer was 

crystalline, one would expect an enhanced flux of emitted Ta substrate 

photoelectrons along the crystalline axes of the TaCl5 adlayer.  The angle β is 

approximately 90°, and if any of the TaCl5 crystal faces were parallel with the Ta 

surface, one of the TaCl5 crystal axes would be nearly normal to the Ta surface, 

pointing directly into the XPS analyzer.  Illustration 2.1 depicts one example of an 

ordered TaCl5 adlayer, which is crystalline, that would produce FS detectable in 

our system. 

Hypothesizing that some degree of the TaCl5 adlayer is ordered with the 

critical scattering direction along the surface normal after the 200 K annealing of 

the 7 ML adsorption, the enhancement is explained by FS.  Almost all of the α1 

state was transformed to α2 during annealing at 200 K, coinciding with the XPS 

enhancement.  According to this structural model, the α2 state is attributed to 

ordered TaCl5 domains with a geometry that produces FS normal to the surface.  

The α1 state is likely not ordered; during dosing, the molecules are delivered to 

the surface through the gas phase, and the first TaCl5 molecules adsorb randomly,  
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Illustration 2.1: XPS analysis of the ordered adlayer model.  In this example, the 
TaCl5 crystal’s c-axis is shown parallel to the Ta surface.  For 
this case and an ideal crystal, forward-scattered Ta substrate 
photoelectrons will emerge 0.6° from the surface normal due to 
the angle β (= 90.6 °) of the TaCl5 unit cell.  (Illustration not to 
scale) 
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in a disordered fashion, since the sticking probability at 130 K is high.  The α1 

peak is attributed to a non-ordered, amorphous-like state. 

In the case of sub-monolayer coverage, only α1 is present for adsorption at 

130 K, and no substrate signal enhancement is observed in the XPS data 

following annealing.  This observation suggests that the initial coverage does not 

provide enough surface structure for FS to occur, which is expected since α1 is 

amorphous.  TPD showed a significant upwards temperature shift from the α1 

state favoring the α2 state for the 180 K annealing of 0.47 ML, which implies that 

molecules in the annealed adlayer are more strongly bound to each other, 

indicative of a more ordered state.  Also, since α1 did not anneal to α2 during 

TPD, this transformation must be slow compared to the desorption rate. 

The dependence of the α1/α2 peak area ratio on surface coverage for 

adsorption at 130 K can be explained by the degree of ordering.  The data show 

that α2 does not appear until a multilayer is present, and both phases are present 

for varied 130 K multilayer coverages without any annealing.  At 130 K, the rate 

of α2 formation is not fast enough to allow all of the adsorbed molecules to order 

into the more stable α2 state within the time to surface analysis or before a 

multilayer is deposited.  At 1.8 ML, the α2 state appears and dominates after 4.9 

ML, which suggests that the accumulation of multilayer molecules also triggers 

some ordering of the adlayer, although the α1 state never completely disappears 

for dosing at 130 K.  This is due to the film becoming more bulk-like and, 

therefore, more ordered with increasing thickness. 
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In the repopulation experiment (Fig. 2.9), only α2 was present after 

annealing at 200 K and also after the second 8 ML dose.  These data suggest that 

subsequent dosing at 130 K onto an existing ordered adlayer nucleates further 

adsorption directly into the α2 state. 

It is noted that the data here cannot independently confirm the ordered 

adlayer model.  Having identified the possibility for the ordering of TaCl5 on 

polycrystalline Ta, angle resolved spectroscopy and electron diffraction 

techniques on single crystal Ta surfaces would help clarify the data.  

Unfortunately, the geometry of the sample manipulator does not permit angle-

resolved XPS.  Experiments using variable-temperature scanning tunneling 

microscopy (VT-STM) may also be of great benefit in challenging this model.  If 

FS is confirmed, computer simulation of electron scattering along the primary 

crystal directions of TaCl5 could help define the extent of this effect. 

2.4.3 A Note on Desorption Kinetics 

A literature review concerning desorption kinetics analysis suggests that 

the multilayer desorption spectra presented here obey a first-order rate law.  This 

is qualitatively determined by the shape of the spectra in reference to published 

first-order model spectra [20].  The likeness is especially apparent when 

considering a single-peak spectrum, such as the α2 peaks shown in Figures 5 and 

9.  As a simple estimation, Redhead analysis [21] calculations yield activation 

energies of 65.7 and 70.6 kJ/mol for the α1 and α2 states, respectively, of the 6.0 

ML TPD spectra (Figs. 2.1, 2.3 and 2.5).  To generate Redhead model spectra 

using these values, numerical integration of the rate equation is necessary [20].  
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While this may be a fruitful exercise, it should be noted that first-order Redhead 

kinetics cannot rigorously model variable coverage TaCl5 desorption because it 

does not account for peak temperature shifts due to the physical behavior of the 

α1 and α2 states.  Furthermore, these kinetics would poorly describe sub-

monolayer TPD (Fig. 2.8). 

2.5 CONCLUSIONS 

The adsorption of TaCl5 on polycrystalline Ta at 130 K results in two 

molecularly adsorbed states, α1 and α2, that desorb between 200 and 300 K, with 

the higher temperature α2 state being more ordered.  Enhanced detection of the Ta 

4f substrate photoelectrons for multilayer coverage is explained by an ordered 

adlayer model and the forward scattering of photoelectrons along the critical 

scattering direction, which is about normal to the sample surface.  XPS showed 

molecular interactions between the TaCl5 monolayer and the Ta surface; 

hypothesized to be bridge bonding via the adsorbate’s Cl ligands.  Also, when 

multilayers are annealed to temperatures within the desorption feature, some 

reaction occurs with O absorbed in the Ta surface layers as determined by the 

TPD spectra.  These results suggest that self-limiting adsorption, in application to 

ALD, will not occur at temperatures much below 300 K.  The ability to reach 

saturation in a growth process at these temperatures will depend on the rate of 

desorption in comparison to the TaCl5 flux. 
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Chapter 3:  Precursor Selection and Evaluation for the Atomic 
Layer Deposition of Tantalum-Based Thin Films 

3.1 INTRODUCTION 

In Chapter 1, the importance of chemistry selection for atomic layer 

deposition (ALD) process design was emphasized.  In order for a given chemistry 

to be suitable for thin film ALD, the adsorption and reaction of precursors on the 

starting surfaces must be self-limiting.  Additionally, these reactions must also 

demonstrate self-limiting behavior on the film itself, if deposition beyond the 

nucleation regime is to occur in ALD mode.  For the growth of transition metal 

(TM) thin films, TM-halides have demonstrated this behavior [1-4].  In most 

cases, these halides (TiCl4 and WF6, in particular) had been previously used for 

chemical vapor deposition (CVD) [5-8].  Some works have also claimed ALD of 

barrier material thin films using organometallic compounds, such as 

tetrakis(dimethylamino) titanium (TDMAT) [9-12].  However, many 

organometallics, including TDMAT [13,14], can be used as single-source CVD 

precursors, meaning that growth can occur without a co-reactant.  (Logically, 

growth chemistry utilizing only one reactant cannot achieve ALD.)  Such film 

growth usually occurs by pyrolysis, the breakdown of the compound by heat [15].  

Unless a suitable process window (of temperature and pressure) enabling self-

limiting behavior can be found when using organometallics, or any compound, 

the process is essentially CVD.  These may produce quality films, although 
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careful attention must be given to conditions such as flow rate and partial pressure 

for suitable reproducibility, which are not as critical for successful ALD. 

Taking this knowledge into consideration, only TM-halides have been 

explored in this dissertation.  The halide elements include F, Cl, Br, and I.  TM 

precursors with Cl and F ligands, such as TiCl4 [6,8], TaCl5 [4], MoF6 [16], and 

WF6 [7,17] have been used in film growth.  TM fluorides and chlorides are 

favored because they generally have higher vapor pressures than the bromides and 

iodides, and reduction reactions are more thermodynamically favorable with 

fluorides and chlorides (Table 3.1).  Furthermore, TiCl4 [4], TaCl5 [4], and WF6 

[1-3] have been used successfully for the ALD of Ti, Ta, and W metal films, 

respectively.  These successes, in addition to guidance from my industrial 

mentors, have encouraged this work towards the ALD of Ta for the barrier 

application. 

Despite the ability to grow TM barrier films by ALD, an aversion to the 

use of halides is encountered in the semiconductor industry.  This is not addressed 

clearly in the literature; the realization has come from personal communications 

with industry members and open discussion at conference venues.  The reluctance 

stems from the impact of halides on the physical and electrical properties of the 

dielectric insulator, since barrier deposition on these surfaces is required in 

practice.  F-based chemistries are used to etch dual-damascene features into low-k 

dielectric thin films [18], and one concern is additional etching during the 

deposition process.  This does not exactly make sense, however, because the etch 

chemistries employ plasmas [18].  The energetic ions and free radicals in a plasma  
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Table 3.1: Gibbs free energy of reaction for the reduction of relevant TM-
halides by Si2H6.  These values were tabulated from standard Gibbs 
free energies of formation [20,21]. 

Overall reaction ∆Gr° (kJ/mol) 

TaF5 (g) + 5/6 Si2H6 (g) → Ta (s) + 5/3 SiHF3 (g) + 5/3 H2 (g) -261 

TaCl5 (g) + 5/6 Si2H6 (g) → Ta (s) + 5/3 SiHCl3 (g) + 5/3 H2 (g) -200 

TaBr5 (g) + 5/6 Si2H6 (g) → Ta (s) + 5/3 SiHBr3 (g) + 5/3 H2 (g) -160 

WF6 (g) + Si2H6 (g) → W (s) + 2 SiHF3 (g) + 2 H2 (g) -797 
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are much more reactive than a non-plasma chemical gas [19].  Furthermore, the 

amount of F associated with a barrier deposition process should be comparatively 

small, since only a few nanometers of material are required.  The second issue is 

that fluorinated process reactants or products could have an impact on the 

dielectric constant if a porous dielectric is used.  This is more of a problem when 

deposition is concerned, versus etching, because chemicals can become trapped 

beneath the barrier layer and within the dielectric.  A sealing technique that 

“pinches off” the pores to prevent barrier deposition within the voids, another 

current integration challenge, may be a solution.  Integration studies should be 

performed and fully evaluated before halide ALD chemistry is ruled out as an 

option.  It is too promising not to be considered carefully, and no non-halide 

processes are currently known for pure Ta metal ALD. 

As briefly mentioned in Chapter 1, only one method published thus far has 

demonstrated Ta ALD.  Rossnagel and coworkers at IBM have used TaCl5 and a 

H2 plasma in a binary reaction sequence, achieving film growth in the range of 

298 to 673 K [4].  A set quantity of TaCl5 vapor is delivered to the substrate, and 

the reaction chamber is subsequently evacuated.  A remote, radio-frequency H2 

plasma generates H radicals, which react with the Cl ligands of the adsorbed 

TaCl5 resulting in Ta deposition.  Plasmas, unfortunately, can cause substrate 

damage [19]. 

For an alternative non-plasma route, reducing agent selection is an 

important consideration when using high-oxidation state TM-halide precursors.  

In the method developed by Prof. S. M. George at the University of Colorado at 
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Boulder, Si2H6 is used as a reducing agent for W ALD [1-3].  Si2H6 similarly 

reacts with F ligands of adsorbed WF6, producing volatile fluoro-silane (SiHxFy) 

species, which desorb.  NH3 has been employed in a three-step WF6/Si2H6/NH3 

reaction process for WN ALD; complete reduction of WF6 could not be achieved 

without Si2H6 [22]. 

An obvious question at this point is whether or not Si2H6 can be used as a 

reducing agent in conjunction with TaF5.  Thermodynamic calculations suggest 

that this reaction will proceed (Table 3.1).  Actually getting this process to work, 

on the other hand, requires some understanding of surface chemistry, because 

ALD occurs through surface (not homogeneous) reactions.  Knowledge of 

adsorption and subsequent reaction of ALD precursors on application-specific 

surfaces is valuable.  For the barrier application, these are the insulating dielectric, 

the conductor, etch-stop materials, and the barrier material itself.  This chapter 

continues to build upon the developments in Chapter 2 in addition to exploring 

surface chemistry relevant to Ta ALD with TaCl5 and TaF5.  It concludes with 

proof-of-concept experiments showing that TaF5/Si2H6 chemistry is a viable 

candidate for Ta ALD, setting the tone for Chapters 4 and 5. 

Results are presented for the adsorption of TaCl5 on Cu and SiO2 surfaces.  

TaF5 adsorption on polycrystalline Ta was investigated at 523 K, and Si2H6 was 

co-reacted with the resulting TaF5 adlayers.  Experiments were performed in 

ultra-high vacuum (UHV) using temperature programmed desorption (TPD), X-

ray photoelectron spectroscopy (XPS), and secondary ion mass spectrometry 

(SIMS) analysis techniques. 
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3.2 EXPERIMENTAL 

Precursor dosing and surface analyses were once again entirely performed 

in the UHV surface chamber described in Chapter 2.  The ultimate system base 

pressure was 1-2×10-10 Torr, achieved using the cryogenic pump.  A Varian VHS-

6 diffusion pump equipped with a liquid N2-filled cold-trap was used during 

TaCl5, TaF5, and Si2H6 exposures.  Approximately 2g of TaCl5 (white, crystalline 

powder, 99.99 %, Strem Chemicals, Inc.) and TaF5 (white, crystalline powder, 

98.0 %, Sigma-Aldrich Corp.) were each loaded in a dry N2 ambient into separate 

quartz vials with stainless steel (SS) face-seal fittings, and these vials were piped 

via SS bellows valves to a directed doser tube in the UHV chamber.  TaCl5 was 

heated to about 60 °C, and TaF5 was heated to 28 °C.  The delivery lines and the 

doser tube were heated between 75 and 110 °C, sufficiently above the precursor 

temperature to prevent condensation in the lines.  For Si2H6 dosing, a 4% 

Si2H6/Ar gas mixture (Scott Specialty Gases) was dosed via a variable leak valve 

at chamber pressures up to 1.0×10-6 Torr. 

For the SiO2 surface, either 10 nm thermal SiO2/Si (100) or quartz wafer 

material, which was metallized on the back side with a 20 nm Ta/200 nm W/20 

nm Ta film stack for resistive heating, was used.  For the Cu surface, this same 

substrate material was used, and Cu was deposited onto the substrate in the UHV 

chamber by evaporating a piece of high-purity Cu rod (4N grade, Electronic 

Space Products International).  Studies on Ta metal used high-purity Ta sheet 

(3N8 grade, Electronic Space Products International) supported by Ta heating 

wires.  All samples were approximately 12 mm by 18 mm in size and affixed to a 
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copper mounting block providing thermal contact for liquid N2 cooling in addition 

to electrical heating and thermocouple connections. 

A Perkin Elmer PHI 5000C ESCA System, which included an Al/Mg dual 

X-ray source and spherical capacitance analyzer with extended lens optics, was 

used to acquire XP spectra.  An Extrel C50 quadrupole mass spectrometer (QMS) 

with a tandem-mounted ionizer was employed for TPD.  During TPD, the sample 

surface was placed about 5 mm away from the entrance to the QMS for direct 

line-of-sight analysis, minimizing desorption contributions from other surfaces.  

A Kratos Mini-Beam ion gun for Ar+ sputtering was used in conjunction with the 

QMS for SIMS. 

3.3 RESULTS AND DISCUSSION 

Continuing the TPD investigation in Chapter 2, TaCl5 was adsorbed onto a 

polycrystalline Cu surface at 130 K, and TPD to 900 K was performed.  The goal 

of this experiment was to briefly compare low-temperature adsorption on Cu to 

Ta, and an adlayer sufficiently thick enough to cover the surface was adsorbed.  

XPS showed that the Cu 2p photoelectron peak from the substrate was no longer 

detected under the adlayer (Fig. 3.1a).  Based upon previous experience, the TaCl5 

adlayer was estimated to be thicker than 7 nm, though the exact amount is not 

certain.  The chemical state of the Ta adatoms were halide-bonded, as determined 

by position of the Ta 4f XP peak (Fig. 3.1b), as in the case for TaCl5 on Ta.  Two 

desorption peaks, also similar to the TaCl5/Ta TPD spectra, arose at 254 and 275 

K (Fig. 3.2).  It is believed that the physics of condensed TaCl5 on Cu is the same  
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Figure 3.1: XP spectra for a TaCl5 multilayer adsorbed on Cu at 130 K 
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Figure 3.2: TPD spectra of a TaCl5 multilayer adsorbed on Cu at 130 K 
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as that on Ta, though this was not explored in depth here.  At the conclusion of 

this experiment, it was decided that adsorption experiments at typical ALD film 

growth temperatures, those in the range 300 to 623 K, would be more practical. 

SiO2 is a very important surface for investigating ALD surface chemistry 

because it is chemically similar to prominent silica-like low-k and ULK 

dielectrics [23-27].  To achieve an ALD barrier film, nucleation on the dielectric 

must occur.  In this interest, TaCl5 was dosed onto SiO2 at 473 K, and the uptake 

with exposure was measured by the Cl 2p XP peak area (Fig. 3.3).  Exposure was 

measured in Langmuirs (L, 1 L = 1×10-6 Torr•s) by integrating the chamber 

pressure with respect to time during dosing.  This exposure was not corrected for 

dosing flux enhancement (a directed doser was used) or ion gauge sensitivity.  

The dashed line in Figure 3.3 was generated by a linear regression of the last four 

data points to guide the eye.  The initial uptake is fast, and continued uptake is 

slower and approximately linear.  Saturation, the condition when the Cl 2p XP 

peak area no longer increased, is not evident for these exposures.  These results 

indicated that adsorption during film nucleation may not be self-limiting, which 

turns out to be the case for TaF5 adsorption on SiO2 (Chapter 5). 

Due to the recent success of WF6/Si2H6 half-reaction chemistry for W 

ALD [1-3], an analogous chemistry for Ta ALD using TaF5 and Si2H6 was 

proposed.  TaF5 was selected over TaCl5 because of thermodynamic 

considerations (Table 3.1).  Polycrystalline Ta was used as the experimental 

surface to investigate precursor adsorption and reaction relevant to sustained ALD 

of an established (fully nucleated) film.  To determine if TaF5 adsorption is self- 
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Figure 3.3: TaCl5 uptake on SiO2 at 473 K measured by the integrated Cl 2p XP 
peak area plotted versus exposure (not corrected for directed dosing 
flux enhancement) 
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limiting, a series of TaF5 exposures was performed at 523 K.  Both indirect 

(backfill) and directed doses were used, and dosing flux enhancement for the 

latter was estimated empirically.  Uptake, evaluated by the integrated F 1s XP 

peak area, reached saturation after approximately 10 L (Fig. 3.4).  This exposure 

is a very small quantity in the context of film growth.  At 1 Torr TaF5 partial 

pressure, for example, only 10 µs would be required to reach saturation if the 

uptake curve (Fig. 3.4) adequately predicts adsorption kinetics at 1 Torr.  These 

results satisfy the initial criteria of self-limiting adsorption for the TaF5 half-

reaction for sustained Ta ALD.  Additional SIMS analysis (not shown) produced 

F+, Ta+, TaF+, TaF2
+, and TaF3

+ secondary ions. 

To test the ability of Si2H6 as a reducing agent, a Ta surface saturated with 

TaF5 at 523 K was exposed to a 576 L directed Si2H6 dose, also at 523 K.  SIMS 

analysis following the Si2H6 exposure (Fig. 3.5) showed SiF+ ions suggesting 

chemical reaction with the adsorbed TaF5.  Furthermore, the F+, TaF+, TaF2
+, and 

TaF3
+ peak intensities decreased relative to the Ta+ peak.  These results 

demonstrated sufficient success justifying further investigation of the proposed 

TaF5/Si2H6 half-reaction ALD chemistry, which is the focus of Chapters 4 and 5. 

3.4 CONCLUSIONS 

As demonstrated in the literature, TM-halide compounds are suitable 

precursor candidates for TM ALD.  Compounds with Cl and F ligands are 

preferred over bromides and iodides because they have higher vapor pressures, 

and reduction reactions with Si2H6, a reducing agent shown to be effective in W 

ALD, are more thermodynamically favorable.  The experiments characterized the  
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Figure 3.4: TaF5 uptake on polycrystalline Ta at 523 K measured by the 
integrated F 1s XP peak area plotted versus exposure 
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Figure 3.5: SIMS analysis following the exposure of a TaF5-saturated Ta surface 
to 576 L Si2H6 at 523 K 
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adsorption properties of TaCl5 and TaF5 on relevant electronic material surfaces 

and determined that TaF5/Si2H6 chemistry is worthy of further study.  Briefly 

summarizing key results, TaF5 adsorption on polycrystalline Ta at 523 K was self-

limiting, the key criterion for ALD.  Si2H6 was effective at removing F atoms 

from a TaF5-saturated Ta surface, and Si-F bonding was detected.  These results 

suggest that Si2H6 may be a suitable reducing agent for Ta, in addition to W, ALD 

film growth. 
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Chapter 4:  Surface Science Investigations of Atomic Layer 
Deposition Half-reactions Using TaF5 and Si2H6 

4.1 INTRODUCTION 

Tungsten ALD film growth has been successfully demonstrated in the 

range 373 - 573 K in a binary scheme using WF6 and Si2H6 [1], in which Si2H6 is 

used to remove the F ligands from a WF6-saturated surface.  Both half-reactions 

for W and Si uptake were self-limiting as measured by Auger electron 

spectroscopy.  For a fully nucleated W film (growth on a W surface) these half-

reactions resulted in a film growth rate of 2.5 Å per AB cycle at 425 K, where one 

AB cycle consists of a WF6 exposure, “A,” followed by a separate Si2H6 

exposure, “B” [2].  In this process, Si is not incorporated into the film, but exists 

on the surface during growth as adsorbed W-SiHxFy species.  These studies 

concluded that halide-based film growth chemistries are well suited for ALD, and 

that Si2H6 is an effective reducing agent for removal of halide ligands [1-3]. 

While less research has been performed for ALD of the transition metal 

Ta, it is strongly favored by the semiconductor industry for the Cu-diffusion 

barrier material; Ta deposited using PVD has been used commercially [4-6].  Two 

studies have been published for Ta ALD featuring TaCl5 adsorption followed by 

separate H2 plasma exposure [7,8].  These films had 100% step coverage over 

15:1 aspect ratio features, and better diffusion barrier performance compared to 

Ta films deposited by PVD.  One disadvantage of this TaCl5-H2 plasma process, 

which may damage the substrate, is the increased complexity of integrating a 
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pulsed-plasma step as opposed to simply delivering a gas-phase reducing agent.  

Of greater concern, however, HCl is the primary reaction byproduct for this 

process, which could be detrimental to some substrates, such as the insulating 

dielectric, in addition to the deposition apparatus.  A Ta ALD process utilizing an 

alternative reducing agent, such as Si2H6, could minimize this problem if HX (X = 

halide atom) emissions are avoided or reduced. 

In this chapter, fundamental studies are reported on the adsorption and 

surface reactions of TaF5 and Si2H6 on polycrystalline Ta between 303 and 523 K 

to gain further insight concerning the potential use of these precursors to grow Ta 

or Ta-based films by ALD.  The rationale for this selection was presented in 

Chapter 3.  No actual films were grown in these experiments, but the surface 

chemistry relevant to a binary ALD process using these precursors was studied in 

detail.  For the ALD of Ta, for example, the overall and half-reactions may 

proceed as follows, where “*” represents a surface species: 

Overall: 

6 TaF5 (g) + 5 Si2H6 (g) → 6 Ta (s) + 10 SiHF3 (g) + 10 H2 (g) 

Disilane half-reaction: 

TaFx* + Si2H6 (g) → TaSiHyFz* + H2 (g) + SiHaFb (g) 

TaF5 half-reaction: 

TaSiHyFz* + TaF5 (g) → TaTaFx* + SiHaFb (g) 

X-ray photoelectron spectroscopy (XPS), secondary ion mass 

spectrometry (SIMS), temperature programmed desorption (TPD), and precursor 

exposures were performed in an ultra-high vacuum (UHV) surface science 
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analysis chamber for this study.  The term “half-reaction” is used henceforth to 

denote the reaction of one precursor with a Ta surface treated by the other, though 

the half-reaction exposures performed in this study were less than typically used 

in a commercial ALD reactor (~100 - 10-3 Torr).  Chemical reactions occurred 

during each half-reaction, and TaF5 adsorption on clean Ta and the TaF5 half-

reaction on Si2H6-treated Ta reached full saturation at all temperatures for the 

conditions investigated.  Achieving saturation for Si2H6 adsorption on clean Ta 

and the Si2H6 half-reaction was not possible under UHV conditions. 

4.2 EXPERIMENTAL 

Experiments were performed in a stainless-steel UHV chamber, equipped 

for XPS, SIMS, and TPD along with separate dosing stations for TaF5 and Si2H6.  

This apparatus was previously described in Chapter 2.  UHV conditions were 

selected to eliminate the effects of background atmospheric gases, especially O2 

and H2O, within the timescale of the experiment and to control precursor 

exposures.  The sample used in this study was a 12 mm × 13 mm piece of 0.025-

mm thick Ta sheet (Electronic Space Products International, 3N8 grade), which 

was supported via spot-welds to a wire assembly, also discussed in Chapter 2, for 

resistive heating.  This sample could be repeatedly heated from room temperature 

to 1173 K with a linear temperature ramp in addition to maintaining this 

temperature for extended times (> 1 hr duration).  Between experiments, the 

sample was cleaned by annealing to 1173 K for 10 - 20 min followed by Ar+ 

sputter cleaning and a second annealing step. 
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While sample cleaning prior to experimentation yielded a carbon-free, 

metallic Ta surface based on XPS, some chemisorbed O, but no Ta-oxide, was 

evident in the XP spectra.  Ta can readily absorb O atoms up to a few atomic 

percent, a byproduct of the adsorption of oxide gases present when Ta is exposed 

to an atmospheric ambient, without forming Ta oxide [9,10].  Removing this O 

requires annealing to 2800 K in UHV [9].  The levels of O were considered 

acceptable for our study.  It was found, however, that side reactions with near-

surface O took place during both TaF5 and Si2H6 exposures, which will be 

addressed accordingly. 

To clean the Ta surface between experiments, annealing at 1173 K for 20 

min sufficiently removed all adsorbed F following TaF5 adsorption.  Annealing 

under the same conditions both before and after Ar+ ion sputtering was necessary 

to remove Si following experiments employing Si2H6.  A fresh sample had to be 

annealed at 1173 K for at least 90 min before consistent adsorption uptake data 

could be collected. 

Directed, stainless-steel tube dosers were used to deliver TaF5 and Si2H6 

into the chamber.  TaF5 (white powder, 98 % purity) was purchased from Sigma-

Aldrich Corp., and approximately 2 g were loaded in a N2 ambient into a quartz 

vial terminated with a 0.25-in face seal fitting.  This vial was piped to the doser in 

the UHV chamber via stainless steel valves and 0.25-in tubing.  All delivery lines, 

both external and internal to the chamber, were heated to prevent TaF5 

condensation in the lines.  The precursor vial was heated between 298 and 308 K 

in a silicone-based oil bath by a Ni-Cr alloy heating element, and the dosing lines 
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were heated to about 373 K.  The sample surface was positioned about 0.5 cm 

away from the doser tube.  The precursor container was pumped by a 

turbomolecular pump for at least 10 min, and the valve to the pump was then 

closed.  Subsequently, the valves between the container and chamber environment 

were opened for a set amount of time to control the dose. 

TaF5 exposures were calculated by integrating chamber pressure, 

measured via the UHV ionization gauge, versus time and subtracting out the 

chamber base pressure.  Both backfill and directed TaF5 doses were used, and an 

effective doser enhancement factor was calculated for each surface temperature 

investigated.  The enhancement factor was obtained by taking the uptake ratio {F 

1s integrated area}:{exposure} for sub-saturation (linear uptake regime) backfill 

and directed doses.  One low temperature adsorption experiment was performed 

using the same dosing procedure, and the sample was cooled to below 120 K 

using a liquid-N2 cryostat.  Adsorbate thickness for this experiment was 

calculated by attenuation of the substrate’s metallic Ta 4f XP peak; this was 

possible because molecular adsorption occurred and a separate, distinct metal-

halide Ta 4f XP peak was detected for the TaF5 adsorbate. 

For Si2H6 dosing, a 4% Si2H6/96% Ar gas mixture was purchased from 

Scott Specialty Gases.  This mixture was delivered through a variable leak valve 

to a directed doser, which was not heated.  The values listed for Si2H6 exposures 

were calculated using the Si2H6 partial pressure in the chamber and were not 

corrected for enhancement.  When delivering Si2H6, chamber backing and 
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delivery line-purge mechanical pump exhausts were sent through a scrubber 

containing an aqueous solution of KMnO4 to neutralize excess Si2H6. 

4.3 RESULTS 

4.3.1 TaF5 and Si2H6 Adsorption on Clean Polycrystalline Ta 

TaF5 adsorption experiments were performed on clean Ta at surface 

temperatures (Ts) of 303, 423, 473 and 523 K, and TaF5 uptake was evaluated by 

the integrated area of the F 1s XP peak.  After saturation, the F concentration on 

the surface remained constant at the adsorption temperature for up to 18 hr.  

Figure 4.1 shows that uptake saturated at all Ts, generally requiring less than 40 L 

exposure, and less precursor adsorbed as Ts increased.  Some error in the 

measured TaF5 exposure is present in the F uptake curve.  In Figure 4.1, the slope 

of the linear uptake region is identical for 423 and 523 K, but the slope for 473 K 

is unexpectedly different.  The slope for 473 K matches that for 303 K; the 

differences are likely related to chamber conditioning that affected the ion gauge.  

The chamber was exposed to Si2H6 and was vented before the F uptake 

experiments were performed at 473 and 303 K.  The ion gauge was turned on 

during Si2H6 exposures, and Si could have deposited on ion gauge components by 

hot-wire chemical vapor deposition and altered the pressure reading [11].  The 

exposure required to reach saturation is not exact, but saturation is evident, 

nonetheless. 

TaF5 adsorbate thickness was estimated by attenuation of the substrate XP 

peak, and thicknesses of 1.2, 1.2, and 0.79 Å were calculated for saturation at 423, 

473, and 523 K, respectively.  These estimates are approximate because a Ta  
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Figure 4.1: Adsorption uptake of TaF5 on a clean polycrystalline Ta surface 
measured by the integrated F 1s peak area 
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compound was adsorbed onto a Ta substrate.  The contribution of the adsorbed 

TaF5 to the Ta 4f XP spectra was assumed to be negligible, thus the calculated 

attenuation was effectively due to surface F.  This assumption was made because: 

1) the Ta 4f peak attenuated; 2) no additional peaks were discernible above the 

metallic substrate (i.e. no Ta-halide peaks); and 3) the peak full-width at half-

maximum (FWHM) intensity did not change. 

To probe the adsorbed form of TaF5, a comparison was made between the 

TaF5 residual gas analysis (RGA) ionization pattern and the ionization fragments 

when TPD is performed after TaF5 saturation (Fig. 4.2).  Ionization fragments for 

F2
+, Ta+, TaO+, TaF+, TaF2

+, TaF3
+, and TaF4

+ were measured.  TaO+ was 

monitored to follow oxidized precursor and reactions with O in the substrate.  The 

F+ ion was not measured because of an unidentified mass to charge ratio (m/z) 19 

signal, which has been present in this chamber long before any fluorinated 

precursor was introduced.  The TaF5
+ ion was not monitored because it is not 

generated when TaF5 is ionized by 70 eV electrons; this ionization behavior is 

typical for Ta-halides [12].  For RGA, TaF5 was dosed into the chamber for 3.5 

min with Ts at room temperature, and the sample was pointed away from the 

dosing tube to minimize the effects of reactions occurring on the sample surface.  

The areas under the ion intensity curves were integrated and normalized to the 

area calculated for TaF4
+, the most intense ionization fragment for RGA.  For the 

TPD analysis, a clean Ta surface was saturated with TaF5 at 523 K, and then 

allowed to cool to room temperature.  TPD was performed using a heating rate of 

1 K/s, to 1173 K.  Interestingly, no sharp desorption peaks were visible in the  
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Figure 4.2: Mass spectrometry comparison between RGA for TaF5 dosing and 
TPD from a Ta surface saturated at 523 K with TaF5 
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TPD spectra (Fig. 4.3), and desorption continued to occur at 1173 K, suggesting 

strong bonding to the surface.  Similarly, the areas underneath the TPD curves 

were integrated and normalized to TaF4
+ (Fig. 4.2).  The noteworthy resemblance 

of the TaFx
+ signals (x = 1-4) for these two experiments indicates molecular TaF5 

desorption during TPD.  Additionally, the difference in the F2
+, Ta+, and TaO+ 

signals provides evidence of adsorbate reaction with substrate O. 

Static SIMS was performed using 2.5 keV Ar+ ions for clean and TaF5-

saturated Ta surfaces at 423 K up to 523 K.  F+, Ta+, TaO+, TaF+, TaF2
+, and 

TaF3
+ ions are detected for a TaF5-saturated Ta surface at 523 K (Fig. 4.4a).  All 

spectra in Figure 4.4 were acquired under the same sputtering conditions with the 

sample cooled to room temperature.  The unlabeled peaks from m/z 15 to 50 are 

attributed to the following impurities and Ar ions (m/z signal in parentheses), 

which were also detected for the clean substrate: Ar++ (20), Na+ (23), Al+ (27), 

CO+ (28), K+ (39), Ar+ (40), CO2
+ (44), and Ti+ (48).  SIMS was also performed 

on a 21 Å thick (calculated by XPS) TaF5 adlayer adsorbed at 116 K (the sample 

temperature during SIMS and XPS in this experiment was between 116 and 118 

K), and a separate, high binding energy XP peak for Ta-halide was present in 

addition to the metallic substrate.  The intensities of TaF+, TaF2
+, TaF3

+, TaF4
+, 

and TaF5
+ ions relative to Ta+ are shown in Table 4.1 for the 116 K adsorption 

and TaF5 saturation at 423 and 523 K.  TaF5
+ was never detected, and most 

importantly, the relative intensity of the higher mass TaFx
+ ions decreased with 

increasing surface temperature.  The SIMS data for Table 4.1 were taken with the  

sample held at the stated temperature and at a slower sputter rate compared to  
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Figure 4.3: TPD from a Ta surface saturated at 523 K with TaF5 
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Figure 4.4: Static SIMS spectra following surface reactions at 523 K for (a) 
TaF5-saturated Ta, (b) TaF5-saturated Ta exposed to 144 L Si2H6, 
and (c) clean Ta exposed to 144 L Si2H6 
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Table 4.1: Static SIMS signals of a 21 Å thick TaF5 multilayer and TaF5-
saturated Ta surfaces normalized to Ta+ 

Ion 
(m/z) 

116 K multilayer 
(118 K analysis) 

TaF5-saturated at 423 K 
(423 K analysis) 

TaF5-saturated at 523 K 
(523 K analysis) 

TaF+ 
(200) 0.40 0.40 0.16 

TaF2
+ 

(219) 0.20 0.075 0.026 

TaF3
+ 

(238) 0.20 0.028 0 

TaF4
+ 

(257) 0.074 0 0 

TaF5
+ 

(276) 0 0 0 

 



 91

SIMS spectra in Figure 4.4. 

Si2H6 adsorption was investigated for a 144 L exposure; total Si 

adsorption increased with temperature, and no Si adsorbed at 303 K (Fig. 4.5).  A 

peak at 99.2 eV was present from 423 to 523 K, in addition to a second peak at 

102.5 eV for 423 and 473 K adsorptions.  At 523 K, a high binding energy peak 

was located at 101.9 eV.  Adsorbate thickness was calculated using the Ta 4f XP 

peak attenuation and found to be 1.4, 2.6, and 4.6 Å for 423, 473, and 523 K 

adsorption, respectively.  Static SIMS for adsorption at 423 (not shown) up to 523 

K (Fig. 4.4c) detected m/z signals 28, 29, 30, and 56 suggesting Si+, SiH+, SiH2
+, 

and Si2
+, respectively.  SIMS ion fragments containing combinations of Ta, Si, 

and O were also present. 

4.3.2 Si2H6 Half-reaction on TaF5-saturated Ta 

The reaction of Si2H6 with TaF5-saturated Ta, the Si2H6 half-reaction, was 

studied from 303 to 523 K, and both precursors were delivered with the surface 

held at the specified Ts.  SIMS spectra in Figure 4.4b for 144 L Si2H6 exposure 

show that the F+ signal was reduced, and the TaFx
+ (x = 1-3) signals were no 

longer present.  Also, SiF+ was detected. 

XPS was performed for a sequence of four consecutive 144 L Si2H6 

exposures, and the F 1s and Si 2p XP peak areas were integrated following 

background subtraction.  Inspection of the F 1s XP spectra suggested the presence 

of two distinct peaks, which were suitably fit with Gaussian peak shapes having 

the same FWHM.  Figure 4.6 displays fitted F 1s XP spectra for the half-reaction 

at 523 K, and corresponding Si 2p spectra are shown in Figure 4.7.  After TaF5  
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Figure 4.5: Si 2p XP spectra for the exposure of clean Ta to 144 L Si2H6 
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Figure 4.6: Change in the F 1s XP spectra with increasing Si2H6 exposure for the 
Si2H6 half-reaction at 523 K 
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Figure 4.7: Si 2p XP spectra, corresponding to the F 1s spectra in Figure 6, for 
the Si2H6 half-reaction at 523 K 
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saturation, the peak at 684.8 eV dominated, and with subsequent Si2H6 exposure, 

this peak diminished as a peak at 686.6 eV arose.  Individual contributions (F 1s 

integrated area) from each peak to the overall F 1s spectra were calculated for 423 

- 523 K surface temperatures (523 K, Fig. 4.8).  The low binding energy peak 

contributed most to the total F loss, and this occurred to a greater extent as Ts 

increased.  Fitting of the Si 2p peak following 576 L Si2H6 exposure at each 

temperature (Fig. 4.9) showed that more Si was deposited from 303 to 473 K, but 

the amount decreased at 523 K.  At 423 K, only one peak at 99.2 eV was present, 

and an additional peak at 102.8 eV was present for 473 and 523 K half-reactions. 

Normalized total Si 2p and F 1s peak intensities versus exposure for the 

Si2H6 half-reaction from 303 to 523 K are presented in Figure 4.10, and the solid 

black curves were generated by a least squares exponential fit of the data, with the 

exception of the linear F 1s curve for 303 K.  Total F removal asymptotically 

approached a finite value for temperatures greater than 423 K and was most 

effective at 423 and 473 K.  Si uptake was not self-limiting within the 576 L 

Si2H6 exposure, and the rate of Si uptake was faster at 523 K.  The Si 2p spectra 

for 303 and 423 K were not sufficiently intense for reliable peak area integration.  

At 303 K, no change was observed in the F 1s intensity, and no Si 2p signal was 

detected. 

Static and dynamic SIMS were performed in addition to XPS after the 576 

L Si2H6 half-reaction exposure.  Signals for SiF+ and Si2
+ were acquired under 

static conditions and normalized to Si+ (Table 4.2).  Importantly, both the SiF+ 

and Si2
+ signals decreased with increasing Ts, which may indicate increased  



 96

 

1.0

0.8

0.6

0.4

0.2

0.0

No
rm

al
ize

d 
F 

1s
 P

ea
k 

Ar
ea

6004002000
Cumulative Si2H6 Exposure (L)

 Total
 684.8 eV peak
 686.6 eV peak

523 K

 

Figure 4.8: Normalized F 1s peak area intensity for the Si2H6 half-reaction at 
523 K showing contributions from the high and low binding energy 
peaks 
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Figure 4.9: Si 2p XP spectra following 576 L Si2H6 exposure for the Si2H6 half-
reaction 
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Figure 4.10: Normalized F 1s and Si 2p peak area intensities for the Si2H6 half-
reaction 
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Table 4.2: Static SIMS signals of a TaF5-saturated Ta surface exposed to 576 L 
Si2H6 normalized to Si+ 

Surface Temperature (K) Ion (m/z) 423 473 523 
SiF+ (47) 0.40 0.30 0.22 
Si2

+ (56) 0.075 0.044 0.039 
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desorption of the half-reaction byproducts at increased Ts.  Also, TaSiF+ was not 

detected, reducing suspicion of a Ta, Si, and F-containing surface species due to 

an incomplete reaction of Si2H6 with adsorbed TaF5.  Static SIMS spectra (not 

shown) were acquired at least twice for all temperatures and four times at 473 K, 

reproducing the same results, and the TaFx
+ (x = 1-3) signals were significantly 

reduced.  Figure 4.11 shows dynamic SIMS spectra for F+, Si+, SiF+, and TaF+ 

following the Si2H6 half-reaction at 303 and 523 K.  As temperature increased, F+, 

SiF+, and TaF+ decreased relative to Si+, and by 473 K (not shown), F+ and TaF+ 

were comparatively negligible. 

4.3.3 TaF5 Half-reaction on Si2H6-treated Ta 

The TaF5 half-reaction was performed on Ta pre-treated with 144 L Si2H6 

at 423, 473, and 523 K and analyzed by XPS and SIMS.  The Si 2p peak did not 

significantly decrease with TaF5 exposure until the last two TaF5 doses.  F uptake 

saturated on this surface.  The uptake curve on clean Ta at 473 K is plotted in 

Figure 4.12 for comparison, and larger doses were required to reach saturation 

compared to adsorption on clean Ta.  Uptake data for 423 and 473 K were nearly 

identical.  Solid, exponential curve fits for the integrated F 1s XP peak area (Fig. 

4.12) are shown for the half-reactions at 473 and 523 K, and less F adsorbed at 

523 K.  Dynamic SIMS spectra (Fig. 4.13) of the F+, Si+, SiF+, and TaF+ signals 

following saturation TaF5 exposure revealed the same results for each 

temperature; the relative amount of F+, SiF+, and TaF+ to Si+ was about constant. 
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Figure 4.11: Dynamic SIMS spectra following 576 L Si2H6 exposure for the 
Si2H6 half-reaction 
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Figure 4.12: F uptake for the TaF5 half-reaction.  The solid lines are least squares-
generated exponential curve fits for the 473 and 523 K data. 
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Figure 4.13: Dynamic SIMS spectra following saturation TaF5 exposure for the 
TaF5 half-reaction 
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4.4 DISCUSSION 

4.4.1 Precursor Adsorption on the Clean Ta Substrate 

The adsorption of TaF5 from 303 to 523 K clearly saturated (Fig. 4.1).  

The F 1s signal at saturation level decreased with increasing adsorption 

temperature.  Complementary static SIMS data suggest that TaF5 dissociatively 

adsorbs on Ta from 423 to 523 K.  For dissociative adsorption, one expects 

adsorbed TaFx (TaFx
ads), where x < 5.  SIMS spectra for adsorption at these 

temperatures were compared to spectra for TaF5 adlayers adsorbed on Ta at 116 

K.  Based upon the molecular adsorption of TaCl5 on Ta at 130 K [13], it is 

inferred that TaF5 adsorbed molecularly at 116 K.  If this is true, the TaF5
+ ion is 

not detected for SIMS of molecularly adsorbed TaF5, and it follows that the TaF4
+ 

SIMS ion intensity is the primary metric for TaF5
ads.  Since the normalized TaFx

+ 

(x = 1-4) ion signals were reduced at 423 and 523 K compared to multilayer 

adsorption, we conclude that TaF5 dissociatively adsorbs at these temperatures.  

Furthermore, Table 4.1 data suggest that the extent of dissociation was greater at 

higher Ts.  (For the low temperature adsorption of TaCl5 on Ta, no saturating 

behavior was evident at 130 K [13], and the same is expected to apply for TaF5 

adsorption on Ta at 116 K.) 

SIMS also revealed the oxidation of TaF5 adsorbed on Ta (TaOF+ and 

TaO2F+ ions, Fig. 4.4a) in the range 423 - 523 K, and the TPD/RGA analysis (Fig. 

4.2) confirmed this finding.  For the integrated TPD data (Fig. 4.2), the TaF+, 

TaF2
+, and TaF3

+ intensities were slightly reduced compared to the RGA pattern, 

and the F2
+, Ta+, and TaO+ signals increased significantly.  We attribute the latter 
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observation to oxidation reactions with O absorbed in the Ta substrate near the 

surface.  As discussed in Section 4.2, it has been reported that up to a few atomic 

percent of “dissolved” O can exist within Ta without forming fully bonded Ta 

oxide [9].  XPS showed that the substrate Ta was metallic, and the detected O 

must be free to react at the surface.  The most probable byproducts are Ta-

oxyfluorides and F2.  TaOF3 and TaO2F are known [14].  Oxyfluoride formation 

is likely avoidable for actual ALD film growth on substrates free of O. 

Despite TaF5 oxidation on the surface, TaF4
+ was still detected in the TPD 

and was the most intense Ta-bearing species.  Hence, TaF5 desorbed, and only 

some of the adsorbed TaF5 was oxidized.  In conjunction with the SIMS results, it 

is argued that the dissociation products TaFx
ads and Fads recombined to 

associatively desorb during TPD.  Also, the absence of distinct desorption peaks 

(Fig. 4.3) and continuing desorption at 1173 K in the TPD purport that this 

precursor bonds strongly to the surface and desorption occurs from a very 

heterogeneous distribution of adsorbed species and sites. 

The decrease in adsorbed TaF5 at saturation with increasing Ts (Fig. 4.1) 

can be explained by the extent of dissociation on the surface and occupation of 

adsorption sites.  The SIMS data qualitatively suggest that more of these bonds 

are broken at 523 K than 423 K, which coincides with the decrease in F uptake 

(XPS).  It is thus inferred that more adsorption sites are occupied with the 

increased dissociation at higher Ts; the additional Fads produced at higher Ts 

consumed adsorption sites for TaF5, limiting further uptake.  It is also possible 

that bridge-bonding between F ligands of TaFx
ads and Ta atoms of the substrate or 
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other TaFx
ads blocks adsorption sites.  Bridge bonding between transition metal 

(TM) halides, i.e., bonds linking the TM atoms via one halide atom, is known to 

occur [14].  The data cannot confirm this, though, and the argument for 

dissociation is favored. 

In contrast to TaF5 adsorption, more Si2H6, measured by the Si 2p 

photoelectron intensity, adsorbed on the clean polycrystalline Ta surface as Ts 

increased (Fig. 4.5).  XPS showed that the majority of the Si incorporated was in 

the metallic binding energy position (98.7 - 99.5 eV, [15]), though XPS cannot 

discern between Si metal or Si bonded to H.  Also, H is not detectable by XPS 

[15].  The SIMS signals at m/z 29, 30, and 56 are attributed to SiH+, SiH2
+, and 

Si2
+, respectively, and it is argued that Si2H6 adsorbs in the form of SiHx

ads, Hads, 

and possibly Si2Hx
ads (collectively referred to as SixHy

ads).  Since the Si-Si bond 

energy (3.51 eV [16]) is weaker than the Si-H bond energy (3.74 eV [17]) in 

Si2H6, it can be inferred that SiHx are the more prominent adsorbed species.  

These data cannot, however, rule out Si metal deposition, and the calculated 

SixHy
ads thickness at 523 K, 4.6 Å, is believed to be more than one monolayer.  Si 

deposition on Ta is theoretically possible because H2 readily adsorbs on 

polycrystalline Ta, and H can dissolve into the metal lattice [10,18]; Hads would 

not accumulate to block Si2H6 adsorption or reaction sites.  In spite of this, the 4.6 

Å/hr growth rate at 523 K and 4×10-8 Torr Si2H6 partial pressure is very slow.  

Typical Si film chemical vapor deposition on SiO2 using Si2H6 alone is performed 

at 773 K or above [19]. 
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XPS and SIMS also show that some of the adsorbed Si2H6 is also oxidized 

by substrate O.  The peaks at 102.8 eV for Si2H6 adsorption at 423 and 473 K are 

silica-like and attributed to highly oxidized surface Si.  For adsorption at 523 K, 

the 101.9 eV XP peak and the presence of TaSi+, TaSiO+ and TaSiO2
+ SIMS ions 

(Fig. 4.4c) strongly support Ta-silicate, but its origin, e.g., by direct silicate 

formation or oxidation of a silicide, is uncertain.  The presence of oxidized Si is 

sensible because Si oxidation is thermodynamically favored over Ta oxidation 

[20]. 

4.4.2 Si2H6 Half-reaction on TaF5-saturated Ta 

In the Si2H6 half-reaction curves for Ts ≥ 423 K in Figure 4.6, F removal 

was self-limiting, yet the Si uptake (Fig. 4.10) appeared to continue beyond the 

576 L exposure.  Also, the rate of Si uptake at 473 K was slower than at 523 K.  

These data suggest that Si2H6 adsorption continues after F removal stops.  

Between 40 and 60% of the initially adsorbed F remained, and this F may serve as 

adsorption sites for continued Si2H6 adsorption.  This hypothesis has also been 

raised for the half-reaction of Si2H6 on a WF6-saturated W surface for W metal 

ALD.  In the case of W ALD, Si2H6 half-reaction uptake reached apparent 

saturation for ~300 L Si2H6 exposure at 623 K [1].  Though it is reasonable that 

some F and Si-bearing species remain on the surface at all times during growth as 

half-reaction sites, these experiments cannot rule out the possibility that some F 

and Si may be incorporated into films grown at these temperatures.  Actual film 

growth experiments must be performed to explore this. 
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The combination of XPS and SIMS permits conclusions to be drawn about 

the nature of surface F and Si species in the Si2H6 half-reaction.  The two peaks in 

the fitted F 1s spectra (Fig. 4.6) are attributed to two different chemical states.  

The low binding energy state is assigned to Ta-F bonds of TaFx
ads, and the second 

state arises from Si-F bonds in SiHxFy
ads formed in the reaction of Si2H6 with 

TaFx
ads and Fads.  The former assignment is based upon published binding energies 

for metal-F bonds, and the latter is inferred from the F 1s binding energy range of 

686.3 - 686.6 eV for Na2SiF6 [15].  The reduction of TaFx
+ (x = 1-3) (not shown) 

and the appearance of SiF+ ions in SIMS following 576 L Si2H6 exposure (Fig. 

4.11) are in agreement with these XP peak assignments.  Surface Si is present in 

several forms.  Based upon SIMS, some Si2H6 adsorbed in the same manner as 

Si2H6 on clean Ta, which may be due to direct adsorption on Ta atoms made 

available following F removal.  The remaining Si is bonded to F as SiHxFy
ads that 

results from Si2H6 reacting with residual surface F.  Illustration 4.1a represents the 

surface species at the conclusion of this half-reaction. 

The extent of the Si2H6 half-reaction increases with Ts.  The relative Ta-F 

bonding contribution to the total F 1s XP peak was progressively reduced as Ts 

increased from 423 - 523 K (only the plot for 523 K is shown, Fig. 4.9).  Dynamic 

SIMS also showed reduction in the F+ and TaF+ ion signals with increasing Ts.  

More total Si, however, remained on the surface following the 576 L Si2H6 half-

reaction exposure at 473 K, according to the Si 2p XP spectra (Fig. 4.10).  The 

drop in Si 2p peak area from 473 to 523 K may be a result of byproduct 

desorption.  Fluoro-silanes (SiHxFy) are expected byproducts of both the Si2H6  
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Illustration 4.1: Resulting surface species following the (a) Si2H6 and (b) TaF5 
half-reactions 
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and TaF5 half-reactions, and the desorption rate should be greater at higher Ts.  

This begs the question why more Si was not deposited at 303 and 423 K, and it is 

proposed that Si uptake is reaction-limited at these temperatures. 

4.4.3 TaF5 Half-reaction on Si2H6-treated Ta 

The TaF5 half-reaction on 144 L Si2H6-treated Ta saturated in the 

investigated range 423 to 523 K, hence Fads or adsorbed species with F ligands, 

e.g., TaFx
ads and SiHxFy

ads, must govern the self-limiting uptake behavior.  

Compared to adsorption on clean Ta, slightly less F adsorbed at 423 and 473 K, 

and about the same amount adsorbed at 523 K.  To explain this observation, 

consider the argument for dissociation on clean Ta.  In this case, SixHy
ads species 

are available to react with TaF5, and SIMS suggested that SiHxFy
ads was present in 

addition to TaFx
ads and Fads.  Three types of F-containing surface species result for 

the half-reaction compared to two species (TaFx
ads and Fads) for adsorption on 

clean Ta.  If species with F ligands limit uptake as hypothesized, more adsorption 

sites can be occupied after the half-reaction depending on the total amount of 

adsorbed species, and this explains why less F was present at 423 and 473 K.  At 

523 K, on the other hand, TaF5 uptake for the half-reaction may be similar to 

clean Ta because of increased SiHxFy desorption, which arguably increased from 

473 to 523 K in the Si2H6 half-reaction.  If most of the Si from the Si2H6 treatment 

desorbs as SiHxFy during the half-reaction, then the surface should more closely 

resemble clean Ta. 

SIMS analysis complements the XPS-based argument presented above.  

Dynamic (Fig. 4.13) SIMS showed about the same relative amount of ions after 
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the half-reactions from 423 to 523 K.  This may seem contrary to the point, but 

more SixHy
ads was present after Si2H6 treatment at higher Ts (determined by SIMS 

for Si2H6 adsorption on clean Ta).  A greater percentage of SixHy
ads was consumed 

as Ts increased, and it is concluded that the extent of the TaF5 half-reaction also 

increased with Ts. 

To explain the additional TaF5 exposure required to reach saturation 

compared to adsorption on clean Ta, three mechanisms are proposed: surface 

reaction, desorption of byproducts, and TaF5 saturation on the resulting adsorption 

sites.  During surface reaction, the initial TaF5 molecules react with SixHy
ads and 

are converted to Ta and SiHxFy
ads.  Subsequent desorption of SiHxFy

ads frees 

adsorption sites (Ta atoms), which permits TaF5 to adsorb and dissociate on the 

surface, eventually saturating.  TaF5 adsorption can proceed on both Ta atoms 

initially covered by SixHy
ads and the newly deposited Ta atoms.  The surface 

species following the TaF5 half-reaction are summarized in Illustration 4.1b. 

4.5 CONCLUSIONS 

Surface half-reactions using TaF5 and Si2H6 were studied on 

polycrystalline Ta from 303 K to 523 K and were investigated by XPS, SIMS, and 

TPD.  TaF5 adsorption on clean Ta, measured by the F 1s XP intensity, saturated 

under 20 L exposure from 423 to 523 K.  More TaF5 adsorbed as Ts decreased.  

Saturation Si2H6 adsorption on clean Ta could not practically be reached in UHV, 

and more Si was detected by XPS as Ts increased for 144 L Si2H6 exposure.  The 

TaF5 half-reaction with a 144 L Si2H6-treated Ta surface saturated under 100 L 

exposure from 423 to 523 K.  During this half-reaction, TaF5 initially reacted with 
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the adsorbed SixHy species forming SiHxFy, and TaF5 uptake subsequently 

saturated on available adsorption sites.  XPS and SIMS suggested that more 

SiHxFy desorbed as Ts increased.  For the Si2H6 half-reaction with a TaF5-

saturated Ta surface, Si2H6 reacted with F ligands associated with the adsorbed 

TaF5, and Si-F bonding was detected by XPS and SIMS.  The Si2H6 half-reaction 

was not effective at 303 K.  F removal from the TaF5-saturated Ta surface in the 

Si2H6 half-reaction was self-limiting, though 40 - 60 % of the initial surface F was 

removed.  F removal efficiency was dependent on Ts. 

Film growth studies must be performed to ultimately test the effectiveness 

of growing Ta or Ta-based films by ALD using these precursors.  Film F and Si 

content are of relevant concern, and the impact of F from such a process on 

substrates used in practice, which would be a low permittivity dielectric material, 

must be known.  It is furthermore possible that this chemistry yields Ta-Si films 

in lieu of pure Ta.  Chapter 5 addresses these issues and presents the results of 

successful film growth efforts. 
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Chapter 5:  Surface Chemistry and Thin Film Growth on SiO2 
Using TaF5 and Si2H6 Half-reactions 

5.1 INTRODUCTION 

In Chapter 4, experiments performed under ultra-high vacuum (UHV) 

conditions demonstrated promising chemistry for the atomic layer deposition 

(ALD) of Ta or Ta-based thin films using TaF5 and Si2H6 as precursors in 

separate half-reactions.  These studies proved that TaF5 adsorption on clean and 

Si2H6-treated polycrystalline Ta surfaces was self-limiting, as required for a true 

ALD process.  TaF5 uptake was shown to proceed by dissociative adsorption on 

Ta in addition to reaction with adsorbed SixHy moieties for Si2H6-treated Ta.  

Furthermore, Si2H6 was effective at removing surface F atoms from a TaF5-

saturated Ta surface.  A key question arising from the study is whether or not the 

Si2H6 half-reaction is self-limiting.  For Si2H6 exposures up to 576 L (1 Langmuir, 

L = 1×10-6 Torr•s) in the UHV surface analysis chamber, the surface Si 

concentration, measured by the Si 2p X-ray photoelectron spectrum, did not 

saturate.  It is possible that either higher exposures are required for saturation, or 

the Si2H6 half-reaction is not self-limiting.  If the latter case is true, it is necessary 

to understand how this behavior would impact film growth and Si content in thin 

films deposited by this method. 

This chapter’s scope endeavors to further the fundamental understanding 

of this candidate ALD chemistry in addition to reporting the first efforts of thin 

film growth.  It presents surface science investigations pertaining to precursor 
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reactions on SiO2, addresses questions arising from the previous study, and 

characterizes thin films grown using TaF5 and Si2H6. 

Since the underlying theme of this research is the ALD of copper-

diffusion barrier thin films for ultra-large scale integrated circuit (ULSI) 

interconnect, an important concern is how film growth would proceed on SiO2, 

which is the chemical basis for siloxane-derived low and ultra-low dielectric 

constant (low-k and ULK, respectively) materials [1-4].  The previous results 

strongly suggest that growth using the TaF5/Si2H6 chemistry can proceed on an 

established film because the half-reactions took place on Ta, which is the 

anticipated result of film growth using TaF5 and Si2H6 half-reactions.  It is not yet 

known how this chemistry would behave on SiO2, a crucial topic pertaining to 

growth on SiO2 and siloxane-based dielectrics. 

ALD can be described by two regimes: transition and growth.  During the 

former, interactions of the growth precursors with the initial surface change its 

chemical nature, establishing the first layers or regions of the thin film.  The 

transition regime is usually slow relative to the growth regime, which proceeds 

linearly on the order of an atomic layer (0.2 - 0.3 nm) per deposition cycle.  For 

W metal ALD on SiO2 using WF6 and Si2H6, the transition regime takes place 

during the first 10 reaction cycles, yielding an average film thickness of about 

0.35 nm [5].  Also, SiO2 must be treated with Si2H6 beforehand to initiate the 

transition regime reactions [6] because WF6 is inactive on clean SiO2 at these 

temperatures [7].  Afterwards, film thickness increases linearly at about 0.25 nm 

per WF6/Si2H6 cycle during the growth regime [6].  The chemistry of these two 
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regimes is clearly different since the surface changes: after the transition regime, 

growth reactions (half-reactions) are taking place essentially on the film itself. 

The previous study of the TaF5/Si2H6 chemistry on Ta pertained to growth 

regime mechanisms.  To understand the transition regime for ALD on SiO2 using 

these precursors, both the separate reactions of TaF5 and Si2H6 with SiO2 can be 

considered.  The deposition of Si thin films on SiO2 using Si2H6 has been 

achieved at 923 K and 20 mTorr [8].  At reasonable ALD temperatures for the 

barrier application (523 – 623 K), the reactivity of Si2H6 with SiO2 is expected to 

be much lower.  Si2H6 reacts with surface hydroxyl groups on SiO2 at 600 K, 

resulting in surface species that display Si-H bond vibrations in Fourier-transform 

infrared spectroscopy [6].  No Si film growth was reported for these conditions. 

The interactions of TaF5 with SiO2 at 673 K have been described in a 

paper by Ugolini et al.; metallic Ta films could be deposited under these 

conditions.  A tantalum oxyfluoride compound having  TaOF3 stoichiometry was 

formed at the Ta/SiO2 interface [7].  This temperature is too high for TaF5 to be 

used in an ALD process since self-limiting reaction will not occur.  673 K is also 

considered the upper limit for thermal stability of the siloxane-based low-k and 

ULK dielectrics.  At lower temperatures, reduced activity or reactivity may be 

exploited to minimize or prevent non-self-limiting reactions with the substrate 

during the transition regime. 

The first portion of this chapter explores the adsorption and reaction of 

TaF5 on SiO2 under UHV conditions using X-ray photoelectron spectroscopy 

(XPS) and secondary ion mass spectrometry (SIMS) to understand transition 
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regime chemistry during ALD when using TaF5 as a Ta source.  These 

interactions have been studied at 523 K for comparison with the previous ALD 

half-reaction studies on polycrystalline Ta.  Additional high pressure (150 mTorr) 

TaF5 exposures were performed in a separate vacuum system, and XPS was 

performed. 

The ultimate goal of this research is to grow thin films via TaF5 and Si2H6 

half-reactions.  A research-scale ALD reaction chamber equipped with computer-

controlled precursor dosing was constructed, and metallic, conductive Ta thin 

films were deposited on SiO2 in the range of 523 to 623 K.  XPS was used to 

characterize chemical composition and determine the effects of growth 

temperature and the Si2H6 half-reaction time.  Four-point probe resistivity 

analysis along with scanning electron microscopy (SEM) provided film 

conductivity and thickness measurements. 

5.2 EXPERIMENTAL 

5.2.1 TaF5 Adsorption on SiO2 

The adsorption and reaction of TaF5 on SiO2 was studied for both low-

pressure (PTaF5 = 10-9 Torr) exposures in the UHV surface analysis system 

(described in Chapter 2) and high-pressure (PTaF5 = 150 mTorr) exposures, which 

were performed in a film growth reactor described in Section 5.2.2.  A 10 nm 

thick SiO2 film, thermally oxidized from Si (100) wafer material, was used as the 

substrate in both cases.  For the samples used in the UHV chamber, a 20 nm 

Ta/200 nm W/20 nm Ta film stack was deposited onto the backside of these 

wafers, prior to cleaving and sample preparation, to allow resistive heating.  The 
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samples (cleaved to 12 mm × 17.5 mm in size) were cleaned by separate rinsing 

steps in acetone, methanol, and deionized water.  A type “K” thermocouple 

junction was glued into a center-drilled hole for temperature measurement.  

Aremco Products, Inc. Ultra-Temp 516 ceramic adhesive was used to affix the 

thermocouple. 

The adsorption uptake of TaF5 on SiO2 at 523 K was measured in the 

UHV system using XPS for a series of exposures.  Exposure was measured in 

Langmuirs (L, 1 L = 1×10-6 Torr•s) by integrating the chamber pressure with 

respect to time during dosing, and the base pressure was 1-2×10-10 Torr.  This 

exposure was not corrected for dosing flux enhancement (a directed doser was 

used) or ion gauge sensitivity; the actual exposure is higher.  At the end of the 

exposure series, the surface was analyzed by static SIMS using 2.5 keV Ar+ ions 

to collect a survey scan (intensity vs. mass-to-charge ratio) of secondary ions.  A 

Si2H6-treated SiO2 sample was also subjected to a TaF5 exposure series to 

evaluate the impact of a prior Si2H6 half-reaction on uptake.  Si2H6 treatment was 

performed by exposing the sample to a 4% Si2H6 in Ar gas mixture for 4 hr at 

1×10-6 Torr (576 L) using a directed doser (no flux enhancement correction was 

used).  In additional experiments, clean samples were annealed to high 

temperature (923 – 1373 K) in UHV before exposure at 523 K to examine TaF5 

adsorption dependence on hydroxyl group concentration. 

For the high pressure TaF5 exposures, 17 mm × 17 mm SiO2 samples were 

cleaned in the same method as the UHV samples.  TaF5 was purchased from 

Sigma-Aldrich, and 25 g was loaded into a stainless steel vessel piped to the 
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growth reactor.  The TaF5 vessel was heated between 80 and 90 °C in an oil bath, 

and the delivery lines were heated to about 120 °C.  Pure vapor off of the heated 

TaF5 was employed during TaF5 exposures.  During dosing, the chamber pressure 

could be manipulated by a butterfly throttle valve installed at the entrance to the 

turbomolecular pump.  Exposure was measured in time at a TaF5 partial pressure 

of 150 mTorr since mass transport at this pressure in the reactor was in the 

transition regime between molecular and viscous flow.  After each exposure, the 

sample was transferred via a high-vacuum load-lock system to an XPS surface 

analysis chamber for characterization.  Uptake expressed as a film thickness was 

estimated by the attenuation of the substrate’s Si 2p oxide XP peak area and an 

inelastic mean free path of 1.88 nm for the Si 2p photoelectrons passing through 

the film overlayer. 

5.2.2 Film Growth 

A research-scale ALD system was constructed and equipped with 

computer-controlled precursor delivery and load-lock sample transfer to a 

separate XPS analysis chamber.  The body of the reaction chamber was a 6-way, 

1.5-in stainless-steel tubing cross with 2.75-in knife-edge vacuum flanges.  This 

small reactor volume was selected to permit rapid pump-down between half-

reactions.  A stainless-steel sample pedestal, designed to accommodate 1-in 

diameter “puck” sample holders (for 17 mm × 17 mm samples) was mounted in 

the bottom flange of the chamber.  The sample height position could be 

manipulated by a linear motion feedthrough, and heating was enabled by a 

tungsten filament.  A type-K thermocouple mounted in the sample pedestal was 



 120

connected to a proportional-integral-derivative temperature controller, which was 

interfaced with a DC-power supply to energize the heating filament.  An 

instrumented sample was used to calibrate the actual sample temperature from the 

pedestal temperature. 

The chamber was evacuated with a 150 L/s turbomolecular pump yielding 

a base pressure of 5×10-8 Torr after bake-out to remove adsorbed gases from the 

chamber walls.  During film growth, the chamber pressure could be manipulated 

by a butterfly throttle valve installed between the chamber and the turbomolecular 

pump.  The gas delivery manifold allowed reaction gases to be directed via 

computer-controlled solenoid valves to either the chamber or an exhaust 

mechanical pump.  A computer program written in LabVIEW commanded a 

National Instruments™ PCI-6503 digital I/O interface, which was connected to a 

Parker-Hannifin Corporation General Valve Division Eight Channel Valve 

Driver.  The valve driver in turn triggered the solenoid valves accordingly. 

TaF5 was delivered in the same manner as the TaF5 exposures described in 

Section 5.2.1, with exception of the chamber pressure.  For Si2H6 dosing, a 4% 

Si2H6 in He gas mixture was delivered via a mass flow controller to the manifold.  

To prevent large flow transients during Si2H6 dosing, flow was diverted to the 

exhaust pump whenever it was not being sent to the chamber.  Since no carrier 

gas was used with the TaF5, the manifold opened the TaF5 source to the chamber 

only (no diversion to the exhaust pump).  Typically before growth, the throttle 

valve was set to obtain a pressure of 0.5 Torr with 20 sccm of the Si2H6/He gas 

mixture flowing to the chamber.  This valve position was left constant during 
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growth, and the pressures during each half-reaction were therefore different.  The 

chamber pressure transient during TaF5 dosing was 25 - 150 mTorr, which was 

dependent upon the precursor and reactor temperatures. 

Film growth was achieved by repeating 10 – 200 ALD cycles, each 

composed of a TaF5/purge/Si2H6/purge sequence.  During each purge step the 

chamber was evacuated.  The corresponding sequence timing ranges were 2 - 10/3 

- 25/5 - 20/5 - 10 s.  The process was sensitive to background O contamination in 

the chamber, likely originating from H2O desorbing from the reactor walls, which 

heated up during deposition.  The chamber was baked by heating the sample 

pedestal to 868 K (corresponding to a sample temperature of 623 K) for more than 

four hours.  After the chamber cooled to room temperature, purely metallic Ta 

could be deposited reproducibly.  (The high pressure TaF5 exposures were 

performed at this same level of cleanliness.)  At the end of deposition, the samples 

were cooled at 0.5 Torr in either Ar or the Si2H6/He gas mixture to further 

minimize oxidation.  The gas used affected the surface composition of the films, 

discussed in Section 5.3.2. 

5.3 RESULTS 

5.3.1 TaF5 Adsorption 

The adsorption uptake of TaF5 on SiO2 at 523 K, measured by the F:Si 

atomic ratio (determined by XPS), is shown in Figure 5.1.  The initial uptake was  

fast, followed by a slower continued increase.  Comparable TaF5 doses onto 

polycrystalline Ta reached saturation after about 0.5 L.  (Note:  This exposure 

measurement, described in Section 5.2.1, is different from the exposures  
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Figure 5.1: Traces depicting the surface F:Si atomic ratio (obtained via XPS) of 
for SiO2 exposed to six sequential TaF5 doses at 523 K in UHV.  
Data are shown for uptake on clean, Si2H6-treated, and pre-annealed 
SiO2 surfaces.  The pre-annealing temperatures are indicated 
accordingly, and only the final F:Si ratios are shown for 1200 and 
1373 K pre-annealing. 
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presented in Chapter 4.)  These results suggest that adsorption on SiO2 may not be 

self-limiting.  SIMS analysis (Fig. 5.2) before and after TaF5 exposure revealed a 

reduction in the SiO+ secondary ion intensity and an increase in SiF+ ions.  TaO+, 

TaOF+, TaSiO+, and similar Ta-bonded moieties (Fig. 5.2) were detected.  (The 

SIMS peak at mass-to-charge ratio 45 is likely due to diffusion pump oil 

contamination.) 

When the surface was treated with 576 L Si2H6 (also at 523 K), no 

discernable impact on the TaF5 uptake was observed, whereas 144 L Si2H6 

treatment on polycrystalline Ta slowed TaF5 uptake and reduced the saturation 

concentration [9].  Also, no change was apparent in the XP spectra of the SiO2 

sample before and after Si2H6 treatment.  The reaction of TaF5 with SiO2 may 

therefore dominate the nucleation behavior of ALD films grown using the 

TaF5/Si2H6 chemistry. 

To examine the dependence of TaF5 uptake on SiO2 thermal treatment, 

clean samples were annealed at 923, 1200, and 1373 K for 5 to 10 min in the 

UHV chamber prior to cooling and subsequent exposure to TaF5 at 523 K.  XPS 

showed a steady reduction in the O:Si atomic ratio of the substrates after 

annealing.  In the case of the sample annealed to 1373 K, the sample temperature 

momentarily exceeded 1373 K, as temperature control became erratic at such high 

temperature.  XPS showed that most of the SiO2 film had been removed, though 

some O remained.  Annealing clearly reduced TaF5 uptake compared to 

adsorption on non-annealed SiO2 (Fig. 5.1). 
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Figure 5.2: Static SIMS spectra of clean SiO2 (bottom traces) and SiO2 exposed 
to 2.43 L TaF5 at 523 K (top traces) 
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High-pressure TaF5 exposures were performed at 523 K to test the 

hypothesis that TaF5 adsorption on SiO2 is not self-limiting, since only small 

exposure levels were permissible in the UHV apparatus.  Ta 4f and O 1s XP 

spectra for five sequential 1 min exposures at approximately 150 mTorr are 

shown in Figure 5.3.  The Ta was predominantly oxidized with the 4f7/2 peak 

located at 27.3 eV.  The trace for 4 min exposure revealed a small amount of 

metallic Ta was present.  This is evidenced by a weak doublet located at about 5 

eV lower binding energy with respect to the 4f7/2 peak.  It is not exactly clear why 

some metallic Ta was present in this spectrum and also not in the 5 min spectrum.  

Most likely it is due to inconsistency in TaF5 dosing, which is discussed in 

Section 5.4.1. 

The O 1s XP spectra (Fig. 5.3) show a transition from O-Si (532.7 eV 

peak location) to O-metal (531.0 eV) bonding.  Also, the peak intensity attenuates 

with increasing TaF5 exposure.  Peak fitting of the O 1s spectrum following 5 min 

exposure revealed that 93% of the O was bonded to metal and the remainder to Si.  

Using the O-metal percentage of the total O 1s peak area along with the Ta 4f and 

F 1s XP peak areas, a TaO2.00F1.16 stoichiometry was calculated, which is 

approximately TaO2F. 

The F 1s and Si 2p XP spectra (not shown) displayed symmetric peaks 

located at 685.9 and 103.3 eV, respectively.  The Si 2p peak, attributed to Si-O 

bonding in the SiO2 substrate, attenuated with increasing TaF5 exposure, while the  

F 1s peak intensity increased.  The F 1s peak positions for F-metal and F-Si 

bonding have been previously indicated at 684.8 and 686.6 eV, respectively [9].   
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Figure 5.3: Ta 4f and O 1s XP spectra for SiO2 exposed to 150 mTorr of TaF5 at 
523 K 
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The F 1s spectra are likely composed of a mixture of these states, though an 

individual chemical state for F in TaO2F may exist.  The symmetric shape of the F 

1s peaks lends credence to this hypothesis.  Using attenuation of the Si 2p peak 

area, a thickness of 3.1 nm was calculated after 5 min exposure, implying the 

growth of a TaO2F thin film on the substrate.  A plot of thickness (measured by 

XPS) versus exposure is presented in Figure 5.4. 

5.3.2 Film Growth 

Alternating delivery of TaF5 and Si2H6 produced shiny, conductive and 

visibly uniform Ta films on SiO2.  A series of films were grown using 50 cycles 

of a 5 s TaF5/ 5 s purge/10 s Si2H6/ 10 s purge sequence at 523, 573, and 623 K.   

These samples were cooled in the Si2H6/He gas mixture, which was essential in 

minimizing O contamination in the films deposited at higher temperatures, and 

immediately subjected to XPS analysis.  XP spectra, normalized to the Ta 4f7/2 

peak height intensity, are shown in Figures 5.5 and 5.6, and these data were used 

to calculate the surface composition of the films (Table 5.1).  The Ta was metallic 

(Ta 4f7/2 located at 21.9 eV), and no Ta oxide or halide peaks were discernable 

(Fig. 5.5).  The O content of films grown at 523 and 573 K were negligible, 

though the 623 K films typically had approximately 10 atomic % O (Table 5.1). 

The XP spectra showed moderate F and Si contamination (Fig. 5.6), which 

increased with temperature (Table 5.1).  The F 1s peaks for films deposited at 523 

and 573 K were symmetric and located at 686.4 eV.  The Si was located at 98.8 

eV with a small shoulder towards higher binding energy (BE).  Most of the Si was 

therefore metallic and not bonded to Ta as a silicide.  The high BE feature in the  
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Figure 5.5: Ta 4f XP spectra of films deposited at 523, 573, and 623 K 
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Figure 5.6: Si 2p and F 1s XP spectra corresponding to the Ta 4f spectra in Fig. 
5.5 
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Table 5.1: Composition of thin films deposited at 523, 573, and 623 K 

Atomic percent Atomic ratio 
T (K) 

Ta Si F O Si:Ta F:Ta 

523 37.3 51.7 11.0 0.0 1.39 0.30 

573 30.3 49.3 20.1 0.4 1.63 0.66 

623 19.5 55.3 14.1 11.1 2.83 0.72 
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Si 2p spectra and the position of the F 1s peaks indicate that the F was bonded to 

the remainder of the Si [9].  For the 623 K case, the F 1s peak was much broader 

and shifted to lower binding energy, but this appearance may be due to the 

normalization.  The F signal was weakest for this film owing to the added O 

content, and had 2 to 3 times the amount of background noise (evident in Fig. 5.5) 

compared to the 523 and 573 K spectra.  These data are not conclusive as to 

whether or not the F in the 623 K-deposited film was in a different chemical state 

compared to the other films. 

The effect of the Si2H6 half-reaction time (tSi2H6) on composition was 

explored at 523 K.  A series of films were deposited using 50 cycles of the same 

sequence described above with the exception of varying tSi2H6.  This series was 

repeated twice, once with each of the cooling gases, to additionally discern their 

effect upon composition.  Calculations showed that varying tSi2H6 had little effect 

on composition (Table 5.2).  This result implies that the Si2H6 half-reaction is 

self-limiting.  The selection of cooling gas, on the other hand, had a pronounced 

effect.  In addition to preventing oxidation of the Ta, Si2H6/He cooling gas 

decreased the amount of surface F by half and increased the Si concentration 

(Table 5.2).  In the corresponding F 1s XP spectra for tSi2H6 = 10 s (Fig. 5.7), 

differences in the F chemical states between samples cooled by the two methods 

are clear.  The F 1s peaks were consistently located at 684.9 and 686.2 eV for Ar 

and Si2H6/He cooling, respectively.  Based upon previously observed F 1s XP 

peak positions [9], the F was bonded primarily to metal in the former case and to 

Si in the latter. 
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Table 5.2: Composition of thin films deposited at 523 K as a function of the 
Si2H6 half-reaction time (tSi2H6) and cooling gas 

Atomic percent Atomic ratio 
tSi2H6 (s) 

Ta Si F O Si:Ta F:Ta 

Ar 

5 46.1 16.6 27.3 10.1 0.36 0.59 

10 48.0 19.0 26.9 6.2 0.40 0.56 

20 48.9 15.5 28.0 7.7 0.32 0.57 

4% Si2H6 in He 

5 35.4 52.1 12.6 0.0 1.47 0.36 

10 37.3 51.7 11.0 0.0 1.39 0.30 

20 34.2 52.0 13.8 0.0 1.52 0.40 
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Figure 5.7: F 1s XP spectra of films grown at 523 K using a 5 s TaF5/5 s 
purge/10 s Si2H6/10 s purge reaction sequence.  The spectra 
correspond to films cooled down in (a) Ar and (b) Si2H6/He cooling 
gases. 
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Thick films deposited at 523 K using 200 growth cycles and Si2H6/He 

cooling gas were subjected to XPS, SEM, and four-point probe analysis.  Growth 

sequence parameters, thickness, and electrical resistivity are compared in Table 

5.3.  SEM showed single, distinct films with no visible microstructure.  Both 

films had the same resistivity (190 µΩ-cm) and composition similar to the 50 

cycle films.  A 5 s/5 s/10 s/10 s reaction sequence (TaF5/purge/Si2H6/purge) 

resulted in a 500 nm thick film, yielding an average rate of 2.5 nm per cycle.  This 

is an order of magnitude greater than expected and suspicious of chemical vapor 

deposition (CVD).  TaF5 was believed to be the culprit (see Section 5.4.2), and the 

purge step following TaF5 dosing was extended from 5 to 25 s, keeping the rest of  

the growth parameters constant, for a subsequent experiment.  This film was only  

230 nm thick (1.15 nm/cycle), confirming CVD reactions with background TaF5.  

The growth rate in the second case is still too high for pure ALD growth, but 

these results lend direction to methods for solving this dilemma. 

5.4 DISCUSSION 

5.4.1 TaF5 Adsorption 

The UHV and high-pressure adsorption experiments have demonstrated 

substantial reactivity between TaF5 and SiO2 at 523 K, and the plot in Fig. 5.4 

indicates a modest, approximately linear growth rate.  It is proposed here that the 

observed tantalum oxyfluoride film growth proceeds by means of surface 

reactions in which the SiO2 substrate is the O source.  The SIMS spectra (Fig. 5.2) 

purport a complex interfacial compound beneath the TaO2F film containing Si-F, 

Ta-O, and Ta-F bonding.  These data suggest the breaking of Si-O bonds at the  



 136

Table 5.3: Thickness and resistivity of films deposited using 200 cycles at 523 
K 

tTaF5 (s) tpurge (s) tSi2H6 (s) tpurge (s) thickness 

(nm) 

resistivity 

(µΩ-cm) 

5 5 10 10 500 190 

5 25 10 10 230 190 

 



 137

interface to form the Si-F and Ta-O bonds.  Additionally, interactions of Ta with 

Si atoms at the SiO2 surface are possible, as evidenced by the TaSi+ and TaSiO+ 

secondary ions.  Ugolini et al. previously proposed Si-O bond breaking for the 

reaction of TaF5 with SiO2 at 673 K [7], and these data lead to a similar 

conclusion. 

For the 150 mTorr TaF5 exposures, essentially all of the Ta on the SiO2 

surface was in a high oxidation state.  Ta 4f7/2 oxide and halide XP peaks are 

generally located within 26.4 – 26.8 eV and 26.7 – 27.7 eV ranges, respectively 

[10].  The observed Ta 4f peaks (Fig. 5.3) should be a mixture of primarily oxide 

and some halide chemical states, given the TaO2F stoichiometry.  Oxidation 

resulting from background H2O and O2 can be ruled out.  Assuming that the base 

pressure was composed entirely of these oxidizing gases, their partial pressure 

during TaF5 dosing would be less than 1 ppm, hardly enough to fully oxidize the 

precursor. 

The small metallic Ta 4f XP peaks following 4 min exposure may be due 

to the fact that slightly more TaF5 was delivered during the fourth dose.  It was 

difficult to control the chamber pressure exactly during TaF5 dosing, a problem 

typically encountered when using solid-source precursors.  It is possible that the 

additional TaF5 flux during the fourth dose was greater than the overall oxidation 

rate.  This bit of metallic Ta likely reacted with surface hydroxyls while the 

sample was heating up for the next exposure, which explains why it was not 

evident following the fifth dose.  Nonetheless, the low binding energy background 

in the Ta 4f spectrum for 5 min exposure is higher than the rest, and some 
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metallic Ta may be present there also.  The partial decomposition of TaF5 on SiO2 

at 673 K, resulting in both oxidized and metallic Ta, has been reported [7], which 

may explain the weak presence of metallic Ta in the XP spectra (Fig. 5.3).  The 

reaction temperature used in the current investigation is much lower; however, 

and the same degree of thermal decomposition is not expected. 

The UHV adsorption experiments on pre-annealed SiO2 provided further 

evidence that TaF5 adsorbs by means of a reaction with SiO2 oxygen.  It has been 

proposed that surface hydroxyl groups play a role in transition regime chemistry 

[11,12].  Hydroxyl group concentration on SiO2 is known to be reduced by 

annealing in vacuum [13], and the loss of O from the annealed samples can be 

attributed to the loss of hydroxyl groups as H2O.  The concurrent reduction in 

TaF5 uptake (Fig. 5.1) argues that hydroxyls are adsorption sites for TaF5.  This 

may be the case for the first TaF5 molecules to reach the surface, but only a finite 

number of hydroxyls (~5×1014 cm-2 for fully hydroxylated silica [13]) are present.  

Based upon the reported density of TaO2F, 1.69×1022 molecules/cm3 [14], and 

assuming a planar film structure, 5.2×1015 TaO2F molecules/cm2 are calculated 

for the measured 3.1 nm film.  Performing an O atomic balance, the film is clearly 

thicker than it should be based upon reaction with hydroxyls alone.  Oxygen must, 

therefore, come from another source for continued growth. 

For the 150 mTorr exposures, the peak attenuation and change of chemical 

states in the O 1s spectra (Fig. 5.3) imply that surface-level O of the SiO2 

substrate is also responsible for growth.  Changes in the chemical nature of the Si 

are expected, given the hypothesis above, and the following argument favors the 
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formation of a silicate-like interfacial compound.  Though no change in the Si 

oxidation state was observed in XPS for the high pressure exposures, the UHV 

SIMS data (TaO+, TaF+, TaSi+, TaOF+, and TaSiO+ ions in Fig. 5.2) hint at a 

silicate that includes F.  Any change in the Si 2p XP spectrum may not have been 

substantial enough for detection above the substrate signal.  Ugolini’s 

experiments, using a 1.2 nm thick SiO2 film on Si, showed that the Si 2p oxide 

XP peak was almost entirely removed for the reaction with TaF5 at 673 K, and it 

was argued that nearly all of the O remaining on the surface afterwards was 

bonded to Ta [7].  At 673 K, the reaction should proceed much faster and to 

greater extent.  In the current study, it appears that the similar chemistry is 

occurring, just to a lesser degree. 

The exposure of SiO2 to 150 mTorr TaF5 for 5 min formed a TaO2F thin 

film (Figs. 5.3 and 5.4).  Ugolini et al. described TaOF3 formation for the 

exposure of SiO2 to 100 mTorr TaF5 at 673 K [7].  Other literature notes the 

formation of TaOF3 from the interaction of TaF5 with SiO2, though the reported 

conditions are ambiguous (reaction at “elevated temperatures”) [15].  Another 

study investigating the interactions of TaF5 with polyimide thin films at 623 K 

observed both TaOF3 and TaO2F deposition, which was dependent upon exposure 

[16].  (Carbonyl groups in the polyimide were determined to be the O source.)  

Higher pressure exposures (1 Torr vs. 10 mTorr) yielded TaO2F.  Also, NbO2F, a 

similar transition metal oxyfluoride, results from the reaction of NbF5 with glass 

at 673 K [15]. 
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Both tantalum oxyfluorides TaOF3 and TaO2F are known compounds.  

Since they have no commercial application [17], thermodynamic data are 

unfortunately not readily available, but the Gibbs free energy of formation (at 500 

K) of the oxychlorides TaOCl3 and TaO2Cl are -744 and -917 kJ/mol, respectively 

[18].  If the same trend applies to the oxyfluorides, TaO2F is the favored 

compound.  This comparison does not address the whole picture, however.  

Discussion regarding the study on polyimide duly noted that the thermodynamics 

for F chemical pathways must also be considered [16].  F may possibly be 

eliminated via F2 desorption, incorporation into the substrate, or a number of these 

or other means.  The growth mechanism can thus be quite complex and 

challenging to elucidate experimentally.  Depending on the net free energy over 

all reactions enabling tantalum oxyfluoride deposition, some reactions may befit 

one compound over the other.  Clearly, the surface and reaction conditions 

determine the outcome. 

One proposed chemical pathway for the reaction of TaF5 and SiO2 is the 

formation of TaO2F and SiF4.  Once again, using thermodynamic data [18] for the 

analogous Cl chemistry, the Gibbs free energy of this reaction (∆Grxn) at 500 K is 

calculated to be -21 kJ/mol for a one mole basis of SiO2.  Ugolini et al. hinted that 

the TaF5/SiO2 reaction resulted in Si metal as a byproduct by stating that Si from 

the consumed SiO2 was buried underneath the Ta oxyfluoride film [7].  This 

reaction would require the evolution of F2 (products are TaO2F, Si, and F2); 

however, this pathway is not favorable, and ∆Grxn
500 K = 92 kJ/mol for a 

comparable one mole SiO2 conversion basis. 
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5.4.2 Film Growth 

This work is the first published demonstration of thin film ALD using 

TaF5 and Si2H6 as precursors.  The resulting films were predominantly Ta with Si 

dissolved as an alloy.  The XPS data do not suggest silicide bonds (Figs. 5.5 and 

5.6), as both Ta and Si are in their metallic states.  Furthermore, the Si:Ta atomic 

ratio of the films do not evenly match known stoichiometries for Ta silicides [19].  

The Si constituency is likely due to the known solubility of Si in Ta [20].  Si 

incorporation was not anticipated, on the other hand, because Si2H6 has been used 

as a sacrificial agent in W ALD.  Similarly employing WF6 and Si2H6 half-

reactions yields W films with negligible Si content, though Si-containing 

intermediate species are normally present on the surface during growth [6].  It was 

discovered in a kinetic study of W ALD that Si uptake met a region of apparent 

saturation, and extended Si2H6 exposures logarithmically increased the surface Si 

concentration [21].  A comparable study may find similar behavior in the 

TaF5/Si2H6 system. 

The argument for Si alloyed in Ta, as opposed to silicide, is supported as 

follows.  Literature on Ta silicide and Ta/Si interfacial stability states that Si 

diffuses into Ta upon annealing [22], and silicide formation does not take place 

until temperatures near 873 K are reached [19,20].  In a study of Ta/Si 

interactions at 773 K and below, stoichiometric, crystalline silicides could not be 

formed [20].  Considering this knowledge, the lack of silicide bonding in films 

deposited by the TaF5/Si2H6 ALD process is sensible.  These precursors, however, 

may have potential for Ta silicide thin film deposition at higher temperatures; the 
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use of TaCl5 and SiH4 for the chemical vapor deposition (CVD) of TaSi2 thin 

films between 903 and 1023 K was reported [23]. 

The experiments comparing the effects of cooling gas suggest that the 

majority of the detected F impurity was on the film surface.  Using the Si2H6/He 

gas mixture in place of Ar, the Ta and F concentrations decreased by factors of 

1.3 and 2.5, respectively, for the tSi2H6 = 10 s case (Table 5.2).  This trend is 

attributed to the accumulation of Si on the surface, but the F decreased more than 

the Ta.  The comparison rules out the drop in F concentration being solely due to 

signal attenuation from the Si.  Most likely this loss is the result of fluoro-silane 

(SiHxFy) formation and desorption.  (SiHxFy is the expected byproduct of the TaF5 

and Si2H6 half-reactions [9].)  The XPS data in Figure 5.7 support this hypothesis 

since the F 1s spectrum following Si2H6/He gas cooling show F-Si bonding.  The 

remaining F in this case is attributed to SiHxFy that did not desorb as the sample 

became too cool. 

This discussion segues into the question of why such substantial F was 

present.  The F measured after Ar cooling was presumably bonded to Ta, though 

no clear Ta halide peak was evident in the corresponding Ta 4f XP spectra (not 

shown).  Any Ta halide peaks, nonetheless, may not have been discernable above 

the films’ metallic Ta.  It is believed that the F contamination stems from TaF5 

which has condensed onto cool portions of the chamber walls that subsequently 

heat up during growth.  During film deposition and cooling, TaF5 desorbs from 

these surfaces, exposing the film to a finite TaF5 background.  At the beginning of 

cooling, the sample may still be warm enough for sufficient reaction between 
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TaF5 and Si2H6 in the cooling gas, but it will eventually cool to the point where 

only TaF5 adsorption occurs.  After 30 min of cooling in Si2H6/He following a 

523 K deposition, the sample temperature was between 353 and 363 K, near the 

temperature of the TaF5 dosing vessel.  This hypothesis also explains why more F 

was present at higher deposition temperatures; the chamber surfaces were hotter 

yielding a higher TaF5 background. 

The conclusion of TaF5 being continually present in the chamber during 

growth is proven by the film thickness experiments in which extending the purge 

step following TaF5 dosing decreased thickness.  This is undeniable evidence of 

CVD reactions occurring during the Si2H6 half-reaction because of excess TaF5 

that was not fully pumped away.  Unfortunately, the tests varying tSi2H6 cannot 

determine if the Si2H6 half-reaction is self-limiting, behavior required to 

discretely control the deposition rate.  These experiments must be repeated once 

the CVD reactions can be eliminated.  This problem could be remedied with a 

larger deposition chamber allowing more space between the sample heater and the 

chamber walls to minimize extraneous heating. 

5.5 CONCLUSIONS 

The adsorption studies have unambiguously determined that TaF5 

adsorption on SiO2 at 523 K, where growth half-reactions have been demonstrated 

on Ta, is not self-limiting.  Prolonged exposure of SiO2 to TaF5 at 523 K and 150 

mTorr resulted in TaO2F deposition.  In order to apply the TaF5/Si2H6 half-

reaction chemistry in a barrier ALD process, the TaF5 exposure pressure and time 

must be optimized to minimize the formation of oxyfluoride interfacial 
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compounds, if SiO2-based dielectrics are used.  Deposition on O-free interconnect 

dielectric materials, such as Dow Chemical’s SiLK™, may not experience this 

problem and provide a more favorable integration scheme.  Another potential 

alternative may be the use of a TaF5/Si2H6 CVD process lean in TaF5. 

When Si2H6 is used in conjunction with TaF5 in an ALD scheme, metallic 

Ta film growth on SiO2 is enabled.  Deposition was demonstrated at 523, 573, and 

623 K.  Films grown at 523 K and cooled under Ar had on average 0.36 Si:Ta and 

0.57 F:Ta atomic ratios.  The Si content and F impurity increased with deposition 

temperature.  Si was in the metallic chemical state and present in the film as an 

alloy, not silicide.  The F was predominantly on the film surface, stemming from 

unspent, background TaF5 desorbing from the chamber walls.  Sample cooling 

using the Si2H6/He gas minimized oxidation of the films and reduced the F:Ta 

ratio to 0.35.  The spurious TaF5 background led to unwanted CVD contributions 

during the Si2H6 half-reaction.  Further optimization of this process is needed to 

realize pure ALD-mode growth and reduced F impurity. 
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Chapter 6:  Adhesion Properties of Refractory Transition Metal 
Barriers with Cu and Low-k Dielectric Substrates 

6.1 INTRODUCTION 

Adhesion between thin films within semiconductor devices is critical to 

successful device performance.  New materials are being developed to increase 

device and integrated circuit performance such as high and low dielectric constant 

insulators, new contact metals, and diffusion barrier films.  Metal diffusion 

barriers present interesting challenges since they should ideally react with neither 

the metal nor the dielectric layers that they separate and still have good adhesion 

with both.  Characterizing the adhesion of barrier films deposited by atomic layer 

deposition (ALD) to metallization dielectric and conductor surfaces is therefore 

an important consideration for the integration of ALD into the metallization 

process.  For example, the interfacial chemistry, which affects adhesion, of Ta 

films deposited on SiO2 by physical vapor deposition (PVD) is likely different 

from those deposited by ALD.  This chapter is concerned with the adhesion of 

tungsten carbide (W2C), another barrier material, deposited by PVD as an early 

assessment of using the four-point bend technique, a quantitative adhesion 

measurement, in characterizing barrier film adhesion in metallization 

heterostructures. 

Transition metal carbides are currently being researched as candidates for 

the diffusion barrier in copper damascene metallization structures.  In parallel, 

low dielectric constant materials (to be further referred to as “low-k”) are under 
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investigation for use as the insulating material.  It is imperative in selecting the 

optimum copper/barrier/low-k structure for future devices that adhesion be 

characterized at the two barrier layer interfaces.  Of further importance, is the 

efficacy of surface treatments, such as plasma exposure and the deposition of 

interlayers, which are commonly used to affect the properties of films in 

semiconductor device structures.  Oftentimes, the goal of surface treatments is to 

promote adhesion.  Quantitative evaluation of these treatments is also necessary. 

Adhesion, the energy required to separate an interface, is a function of 

chemical bond energy and intermolecular forces, thermodynamics, interface 

morphology, and mechanical stresses [1].  The scotch tape test is a commonly 

applied method to evaluate adhesion qualitatively and is limited to discerning 

extremely poor or non-adhering films from adhesive films.  The four-point flexure 

or four-point bend test is a quantitative approach that permits one to assess 

adhesion properties.  The four-point bend test is a macroscopic method that 

probes the steady-state critical debond energy, GSS, of an interface [2,3].  Critical 

debond energy, which is applicable to bonded interfaces in a multilayer material, 

is a measure of adhesion [4,5].  In addition to relatively ranking the strength of 

adhesion between differing materials, this value of energy is able to reveal 

evidence of chemical bonding at interfaces and stress dissipation in adjacent 

plastic layers of multilayer thin film structures [6,7].  When obtained by the four-

point bend method, critical debond energy is extracted from the load vs. 

displacement behavior during the delamination of an interface.  There are four 

primary regimes of the load vs. displacement plot outlined in previous literature: 
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loading, crack initiation, steady-state delamination, and unloading [8].  The load 

corresponding to steady-state delamination is used to calculate the bending 

moment, which in turn is related to the debond energy, GSS.  This calculation is 

discussed in more detail in Section 6.2.2. 

While the four-point bend method can evaluate adhesion strength and 

suggest evidence for chemical bonding at interfaces, it cannot distinguish what 

actual bonding is taking place.  In order to study the underlying chemistry of 

interfaces, a complimentary technique is needed.  X-ray photoelectron 

spectroscopy (XPS) is a well known analytical tool in the surface chemistry and 

thin-film communities.  It is a surface sensitive technique (typical analysis depth 

of 5 nm, which is material dependent) that can determine elemental composition 

in addition to chemical bonding [9].  When trying to modify adhesion at an 

interface by a surface treatment method, XPS can help distinguish what chemical 

effect the treatment had.  Correlating XPS with four-point bend data, one can 

learn what chemical bonds (or lack thereof) are responsible for the adhesion 

properties of an interface.  

This chapter presents a four-point bend test study of the adhesion 

properties of W2C with SiO2, three candidate low-k dielectric materials, and 

copper (Cu) thin films.  W2C is a promising material candidate for the copper 

diffusion barrier application [10,11].  While Cu is currently the winning choice as 

the conductor for new devices [12] (due to its excellent electrical and thermal 

conductivity), many choices remain for the low-k insulator in the metallization 

application.  Barrier adhesion to three prominent low-k dielectric materials: spin-
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on carbon polymer resin (CPR), CVD organo-silicate glass (OSG), and spin-on 

siloxane-organic polymer (SOP) are tested.  SiO2, which has traditionally been 

used as the insulator in device metallization [13], is tested as a benchmark. 

Additionally, the effects of three surface modification techniques on 

adhesion at the W2C/dielectric and Cu/W2C interfaces with four-point bend and 

XPS are investigated.  Two of these techniques are capacitively-driven RF plasma 

treatments, one using Ar and the other using O2.  The energetic ions in a plasma 

discharge bombard surfaces and can be used to roughen them [14].  Ar, an inert 

gas, is selected to accomplish this effect without reacting chemically with the 

surface.  The O2 plasma, on the other hand, can provide roughening in addition to 

a reactive element, which is hypothesized to enhance bonding at the interface.  

Since these plasma treatments do not significantly affect the net thickness of the 

treated layers, they should not have an impact on device electrical performance.  

Finally, motivated by Ti enhancing adhesion with TiN diffusion barriers in 

Al/SiO2 interconnects [13], depositing W atoms at the interface as an adhesion 

promoting layer is investigated.  In contrast with the plasma methods, 1 nm W 

deposition would add thickness to the net barrier layer structure.  This problem 

could be avoided by depositing 1 nm less of the W2C barrier film since W is an 

established barrier material [15]. 

6.2 EXPERIMENTAL 

6.2.1 Sample Preparation 

Tungsten carbide and copper/tungsten carbide thin films were deposited 

by physical vapor deposition on SiO2, CPR, OSG, and SOP dielectric substrate 
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materials supplied by International Sematech.  The dielectric materials were 

initially blanket-grown or deposited onto 200 mm Si(100) wafers, which were 

subsequently cut for sample preparation.  The CPR, OSG, and SOP substrates are 

low-dielectric constant (low-k) materials.  The tungsten carbide and copper films 

were grown on rectangular samples and were “sandwiched” together as illustrated 

in Illustration 6.1.  The sample faces were joined by EpoxyBond 110™ two-part 

epoxy adhesive manufactured by Allied High Tech Products, Inc.  The epoxy 

method was chosen over diffusion bonding, another method of joining sample 

faces, to avoid any changes the diffusion bonding process would affect upon the 

sample structures.  The use of epoxy introduces a ductile layer between the 

sample faces, and the GSS values calculated for samples prepared by this method 

cannot be considered absolute.  Nonetheless, all of the samples in this study were 

prepared by the same method, and it is acceptable to use these values for relative 

comparison between samples investigated within this study. 

Film deposition was performed in an AJA International ATC 1500 

Sputtering System, and film composition and chemical state were analyzed by in-

situ XPS.  Film thickness was calculated from growth conditions calibrated by 

cross-sectional transmission electron microscopy (TEM) thickness measurements.  

The tungsten carbide films were grown by reactive DC-magnetron sputtering of 

tungsten metal; methane supplied the carbon.  Carbide film deposition was 

performed at 10 mTorr and room temperature.  The tungsten gun power was 90 W 

DC, and a 20 W RF bias plasma was applied to the rotating substrate platten.  

Twenty standard cubic centimeters per minute (sccm) of Ar was flown into the  
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Illustration 6.1: Illustration of the experimental multilayer structures for 
characterizing (a) the carbide/substrate interface and (b) the 
copper/carbide interface 
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chamber via the tungsten gun gas inlet, and 10 sccm of a 50:50 CH4:Ar mixture 

was directed at the substrate.  Copper deposition was achieved by RF-magnetron 

sputtering at 10 mTorr and room temperature in a pure Ar ambient with 100 W 

RF applied to the copper sputter gun. 

Chemical composition was determined by XPS; relative atomic sensitivity 

factors were determined from standard samples of known composition.  The 

processing conditions for tungsten carbide were selected to achieve a 2:1 W:C 

ratio for the bulk carbide film as determined by XPS.  Previous studies concluded 

that as film stoichiometry approaches W2C, carbidic bonding of carbon is favored 

over amorphous C-C bonding, and this composition is an effective diffusion 

barrier [16]. 

Adhesion at the tungsten carbide/dielectric substrate interface was studied 

by depositing approximately 33.3 nm of tungsten carbide on the substrates (Illus.. 

6.1a).  The four dielectric material substrates are described in Table 6.1.  For a 

separate study, 42.5 nm of Cu was subsequently deposited on 33.3 nm 

carbide/substrate structures.  Sample sizes prepared for the four-point bend test 

ranged from 7.5 to 8.5 mm in width by 60 mm in length.  For each sample, the 

delamination notch was placed at the midpoint of the length and ~ ¾ into the 

thickness of the substrate wafer of one side by a diamond saw as illustrated in 

Illustration 6.2.  Secondary ion mass spectroscopy (SIMS) depth profiling was 

implemented on the Cu/W2C/substrate samples to identify the delamination 

location. 
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Table 6.1: Dielectric material descriptions 

Name Description Surface composition (XPS) 

SiO2 Thermally grown, 500 nm on Si 
(100) 

0.33 Si, 0.67 O 

OSG CVD organo-silicate glass low-k 0.28 Si, 0.35 O, 0.35 C, 0.02 N 

CPR Spin-on carbon polymer resin low-
k 

0.98 C, 0.02 N 

SOP Spin-on siloxane-organic polymer 
low-k 

0.28 Si, 0.38 O, 0.34 C 
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Illustration 6.2: Experimental setup illustration for: (a) a simplified test 
“sandwich” structure of two interfaced layers and (b) the 
delamination of a bilayer structure undergoing the four-point 
bend test.  The bending moment, M, is calculated by M = Pl/2b.  
P is the total load, and l is the distance between the pins on one 
side. 
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Poisson’s ratio of 0.28 and Young’s Modulus of 140 GPa for Si(100) were 

used to calculate debond energies.  These values were used under the assumption 

that the overall mechanical properties of the bending beams were not affected by 

the dielectric, carbide, copper, or epoxy layers.  This assumption is acceptable 

because the sum thickness of the deposited films and the epoxy is approximately 

three orders of magnitude less than the thickness of the Si(100) bending beam.  A 

previous study established that the effect of the films on the beam undergoing 

elastic deformation during debonding (the lower beam in Fig. 2b) contributes only 

by a factor of 10-3 to GSS for comparable film to substrate thickness ratios [6]. 

The plasma and interlayer surface treatments were performed on one 

particularly poor adhering low-k substrate, OSG, and on SiO2 for comparison.  

Surface treatments were also investigated to increase adhesion at the Cu/W2C 

interface.  Two separate plasma treatments, a 20 W Rf Ar plasma and a 20 W Rf 

O2 plasma, were applied to the OSG and SiO2 substrates, in which the samples 

were placed on the Rf power anode, providing a driven potential for ion 

bombardment.  Since Cu oxidation is not desired, only the Ar plasma was 

investigated for the Cu/W2C interface.  For the interlayer treatment, a thin (1 nm) 

W layer was deposited at the interface to function as an adhesion promoting layer.  

Interlayer treatment was applied to both W2C/substrate and Cu/W2C interfaces. 

6.2.2 Debond Energy Calculation 

Four-point bend test methodology involves the induced delamination of 

the interface of two joined layers of material by applying mixed-mode loading, a 

simultaneous combination of interface normal and shear stresses, to separate the 
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interface.  This mechanical method has been studied in depth for the 

characterization of fracture modes for bi- and multilayer materials [3,8].  A 

sample (Illus. 6.2) is prepared of length (L), width (b), and thickness (2h).  

Thickness (2h) is the combined thickness of the joined layers.  Sample length (L) 

is greater than the width (b), and (b) is greater than (2h).  The delaminating force 

is achieved by placing a bending moment about the center (L/2) of the sample 

where a notch initiates delamination.  A constant rate of bending displacement is 

applied to propagate the delamination, and the exerted load (P) is measured.  A 

plot of load versus displacement is generated and used along with the solution to 

the analytical expression of the steady-state critical debond energy, GSS [3,8].  

When the top and bottom bending beams are identical: 

3
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4
)1(21

Eh
MGSS

υ−
=  

where E and υ are Young’s modulus and Poisson’s ratio for the bending beam, 

respectively, and M equals Pl/2b, the bending moment per unit width of the 

sample.  The distance between the loading points on the sample is the dimension l 

(Illus. 6.2).  The bending moment M is calculated from the estimated load vs. 

displacement plot during the loading phase at the point where steady-state 

delamination is occurring (e.g. the load remains constant under increasing 

displacement). 

6.3 RESULTS AND DISCUSSION 

The chemical composition of the bulk film was obtained by sputtering into 

a film deposited under the same conditions used for the adhesion test films; the 

bulk composition was 62% W, 35% C, and 3% O.  Surface analysis of this film 
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before sputtering yielded a composition of 52% W, 47% C, and 1% O.  The 

carbon peak shape before sputtering indicated a predominance of the neutral 

carbon binding energy state at 284.5 eV, with a shoulder directed towards lower 

binding energy.  These data suggest the presence of carbonaceous material on the 

carbide surface that forms during the time between closure of the W molecular 

beam shutter and shutting off the CH4 substrate plasma.  During this time, about 1 

s, the CH4 is cracked over the surface without the W flux.  This finding created 

additional reasons for treating the Cu/W2C interface with the Ar plasma and W 

deposition treatments.  The Ar plasma can be used to sputter the excess C away 

from the surface, and W can be deposited to react with the excess C to form 

tungsten carbide. 

The bulk film binding energy (not shown) for W 4f7/2 (31.6 eV) and C 1s 

(283.4 eV) indicated the presence of carbidic bonding [9].  In a prior study using 

the same growth methods and equipment as used herein, carbon peak fitting 

suggested the presence of mixed carbon chemical states, carbidic and amorphous 

C-C binding (neutral chemical state), within tungsten carbide films ranging from 

50:50 to 70:30 W:C ratio compositions.  The carbidic bonding increased with 

increasing W content and dominated the C 1s signal for the entire range of 

compositions [16]. 

No delamination occurred at any of the dielectric/Si(100) interfaces.  Only 

the weakest interface delaminated; for Cu/W2C/dielectric samples in which the 

W2C/dielectric interface failed, the calculated GSS values were in agreement with 

the values for W2C/dielectric samples in which the same dielectric was used.  This 
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finding indicated that plastic dissipation in the copper layer was negligible.  This 

finding is consistent with a previous study in which the effect of varying copper 

overlayer thickness on the debond energy of a TaN/SiO2 interface was studied.  

For copper layer thickness less than 300 nm, the copper overlayer had no effect 

[7]. 

6.3.1 Four-point Bend Analysis of W2C/Dielectric Substrate Interfaces 

The scotch-tape test was first performed for all as-deposited (no surface 

treatment) samples, and in each case, all samples passed.  Further analysis by the 

four-point bend method discriminated among these samples and revealed 

differences in the critical debond energies up to an order of magnitude. 

Figure 6.1 presents the force versus displacement plot for W2C on SiO2.  

The average GSS calculated for this interface was 20.3 ± 0.8 J/m2.  The features of 

the plot have been interpreted and related to events that occurred during sample 

bending.  The bending moment is calculated from the load at the point where 

steady-state delamination is occurring (a relative minimum is present) following 

cleavage of the top wafer.  While the W2C film is not thick enough to dissipate 

significant stress through deformation, plastic stress dissipation must have 

occurred in the epoxy layer because the debond energy here exceeds that of fused, 

fully dense silica, reported to be 10 J/m2 [7].  Plastic stress dissipation in the 

epoxy is an additional variable in the GSS measurement in this study.  This 

phenomenon plays a greater role as debond energy increases, and it without a 

doubt occurred for all samples containing SiO2 that debonded above 10 J/m2. 
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Figure 6.1: Load versus displacement plot for the W2C/SiO2 structure four-point 
bend test 
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Two possible points of steady-state delamination are evident in the plot of 

Figure 6.1.  This behavior was found for samples with GSS values greater than or 

equal to 20 J/m2 such as W2C on SiO2 and CPR (Table 6.2).  The sample 

delaminated one half at a time, and this could be viewed directly with the eye 

during the debond test.  A debond energy was calculated for each point of 

delamination and an average value was calculated for the sample; GSS values of 

21.9 and 17.6 J/m2 were calculated for the first and second delamination points, 

respectively.  Multiple delamination events are attributed to the presence of 

macroscopic surface contaminants on the dielectric substrate material before 

tungsten carbide film deposition.  Metal films deposited on the shutters of the 

sputtering guns during target conditioning peel off and unfortunately periodically 

flake onto the sample surface.  Additional contaminants such as microscopic 

ambient air dust particles from the laboratory environment, if present, would 

interfere with the formation of a homogeneous tungsten carbide/dielectric 

interface.  This is a fair assumption since the samples used in this study were not 

prepared under clean room conditions, therefore multiple trials were run. 

Figure 6.2 presents results for W2C deposited on OSG.  XPS surface 

analysis of this relatively uncharacterized substrate indicated approximate SiOC 

stoichiometry with 2% N composition (Table 6.1).  The W2C/OSG structure was 

selected for comparison with the W2C/SiO2 sample to illustrate the difference 

between the debonding rates in these two samples.  Steeper negative slope in the 

debonding curve between wafer cleavage and the steady-state debonding plateau 

suggests a quicker release of load.  Sample displacement is performed at a  
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Table 6.2: Critical debond energies for W2C on dielectrics 

Substrate Description GSS, (J/m2) Std. dev., 
(J/m2) 

No. of 
samples 

SiO2 

Thermally 
grown, 500 
nm on Si 
(100) 

20.3 0.8 2 

OSG 
CVD organo-
silicate glass 
low-k 

3.95 0.07 2 

CPR 

Spin-on 
carbon 
polymer resin 
low-k 

39.9 4.4 4 

SOP 

Spin-on 
siloxane-
organic 
polymer low-
k 

6.13 1.06 3 
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Figure 6.2: Load versus displacement plot for the W2C/OSG (CVD organo-
silicate glass low-k) structure four-point bend test 
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constant rate, and the x-axis is also a measure of time.  Figure 6.2 indicates 

comparatively quick approach to the debonding plateau as evidenced by the 

magnitude of the instantaneous drop-off in load at a displacement of 140 µm.  

This approximately infinite slope in load vs. displacement contrasts against the 

finite negative slopes prior to the debonding plateaus for the SiO2 sample (Figure 

6.1).  The GSS value calculated for the W2C/OSG  sample was 3.95 ± 0.07 J/m2. 

The adhesion results (Table 6.2) for CPR were surprising.  This polymer is 

carbon-based with a 98% C/2% N surface composition (H not detectable by 

XPS).  Typically polymers are characterized as having low-surface energies, 

which are not favorable for good adhesion [17].  This material, however, 

demonstrated the greatest adhesion of all of the dielectric materials investigated.  

Stress dissipation mechanisms in the polymer layer, which were not accounted for 

in the GSS calculation, likely contributed to its high debond energy.  Additionally, 

the possibility of stress dissipation in the epoxy bonding layer is emphasized in 

this case due to the high GSS value.  It is therefore possible that the GSS value of 

39.9 J/m2 includes the intrinsic chemical bonding at the interface in addition to 

stress dissipation in the polymer and epoxy layers.  Nonetheless, the raw debond 

energy is an indicator of the resilience of this sample under mechanical stress 

compared to the other samples. 

Surface treatments were performed on the OSG low-k, which displayed 

the worst adhesion with W2C, and on SiO2 dielectric surfaces in the growth 

chamber immediately before deposition of the W2C film.  A 20 W Rf Ar plasma 

treatment was applied under the premise that surface contaminants and 
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physisorbed gaseous species (i.e. H2O adsorbed to hydroxyl groups on SiO2) 

might be removed in addition to roughening the surface.  Ar sputtering is 

commonly used to clean thin film surfaces and is known to affect film surface 

morphology.  Any increase in the surface area available for adhesion should 

increase the GSS value.  AFM indicated that the RMS roughness of the OSG 

surface changed from 1.10 nm to 1.03 nm, and the SiO2 RMS roughness changed 

from 0.22 to 0.2 nm.  These values did not change outside the error of the 

measurement, therefore the surface morphology was not affected by the Ar 

plasma treatment.  The adhesion of W2C to OSG was unchanged, and the debond 

energy with SiO2 interestingly doubled following Ar plasma treatment (Table 

6.3).  This increase in GSS on SiO2 cannot be associated with roughening. 

The O:Si XPS peak area ratio of the SiO2 sample decreased by 18%, 

indicating preferential O sputtering (Figure 6.3).  Oxygen was also preferentially 

sputtered in the OSG sample; the O:Si area ratio decreased by 15%.  Small 

amounts of C and Ar contamination were detected on the SiO2 surface after 

treatment.  Considering that the SiO2 and OSG samples were treated in the 

chamber simultaneously, cross-contamination is suspected to be the source of the 

C.  All constituent chemical peaks for both the SiO2 (Figure 6.3) and OSG 

(Figures 6.4 and 6.5) samples exhibited binding energy (BE) downshifts after Ar 

treatment.  Dielectric surfaces undergoing photoemission, however, typically gain 

a net positive charge causing spectra to shift to higher BE [9].  The peak 

downshifts after treatment indicated that these surfaces were able to dissipate this 

charge more readily, suggesting an increased surface conductivity.  This increased  
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Table 6.3: Critical debond energies for W2C on treated dielectric surfaces 

Treatment Substrate GSS, (J/m2) Std. dev., 
(J/m2) 

No. of 
samples 

SiO2 41.3 0.8 2 20 W Ar 
plasma OSG 3.95 0.07 2 

SiO2 19.5 4.7 2 1 nm W 
deposition OSG 4.80 0.71 2 

20 W O2 
plasma OSG 3.90 0.14 2 

Anneal 400 
°C, 2 hr OSG 7.40 1.27 2 
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Figure 6.3: O 1s and Si 2p XP spectra of the SiO2 surface before and after Ar 
plasma treatment.  The O:Si ratio decreases after the treatment.  The 
O 1s (533.4 eV) and Si 2p (103.9 eV) peaks downshift 0.3 eV after 
treatment suggesting dangling bonds resulting from preferential 
sputtering of the O atoms. 
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Figure 6.4: O 1s and Si 2p XP spectra of the OSG surface before and after Ar 
plasma treatment.  The O:Si ratio decreases after treatment for this 
sample, similar to the SiO2 case.  Binding energy downshifts are also 
apparent. 
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Figure 6.5: N 1s and C 1s XP spectra of the OSG surface before and after Ar 
plasma treatment.  While the N and C constituency of the film 
remains approximately constant, binding energy downshifts are 
evident, consistent with the O 1s and Si 2p spectra. 
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conductivity is attributed to dangling bonds inflicted by the removal of O from the 

surface.  The presence of dangling bonds should provide a more reactive surface 

for bonding with the W2C film, for example, through tungsten silicide formation 

at the interface.  Since this phenomenon occurred for both OSG and SiO2 

samples, increased adhesion at the interface is expected.  Given that only the SiO2 

sample had an improved debonding energy, it is possible that failure may be 

occurring within the OSG dielectric, not at the carbide interface. 

W metal deposition was used to investigate the effect of a metal-rich 

interface on adhesion.  In general higher melting point materials have higher 

surface energy, and thus are thermodynamically more conducive to adhesion [17].  

Tungsten and W2C have melting points of 3683 K and 3058 K [18,19], 

respectively, and a W-rich interface should display better adhesion to the 

substrate.  The debond energies of the treated W2C/OSG and W2C/SiO2 samples 

(Table 6.3) did not, however, change significantly from the untreated samples.  

During nucleation of the W2C film, it is possible that the initial layer in contact 

with the surface is predominantly composed of W.  If this was the case, the W 

interlayer deposition would not have a profound impact on the interface 

composition, and adhesion would not change. 

A 20 W Rf O2 plasma was applied to the OSG low-k material for 30 s at 2 

mTorr under the hypothesis that an oxygen enriched SiOC surface would behave 

more like SiO2, which displays good adhesion.  Such a result was demonstrated 

for the plasma oxygenation of an SiOF surface by a 300 W microwave plasma 

[20].  We were limited to a 20 W Rf O2 plasma, and the debond energy was 
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unchanged (Table 6.3).  Presumably this relatively low-powered plasma treatment 

was insufficient to affect any chemical changes on the OSG surface. 

An annealing experiment was performed for one Cu/W2C/OSG sample to 

evaluate the effect of a thermal annealing cycle on the debond energy.  Since 

surface modifications had negligible effect on the adhesion of W2C to OSG, 

failure may have occurred within the OSG material during debond analysis.  It 

was proposed that annealing, which affects the film bulk as well as interfaces, 

might have a more pronounced effect.  A 25 nm thick Cu layer was subsequently 

deposited in-situ to prevent oxidation of the carbide film.  Following deposition of 

the Cu/W2C/OSG heterostructure, the sample was removed to air and placed into 

a quartz furnace tube at room temperature.  The furnace tube was then evacuated 

to less than 1 mTorr by a mechanical pump.  A 1% H2: 99% N2 mixture of 

forming gas was introduced to the furnace to minimize sample oxidation, and the 

pressure was raised to 0.5 Torr.  The furnace temperature was ramped up to 400 

°C for 2 hrs.  The debond energy of this sample was increased to 7.40 J/m2.  It is 

concluded that debond failure likely occurred within the OSG dielectric for 

samples with and without surface treatment and that annealing improved the 

mechanical integrity of this material. 

6.3.2 Four-point Bend Analysis of the Cu/W2C Interface 

Adhesion analysis for the Cu/W2C interface was analyzed using a 

Cu/W2C/CPR multilayer structure.  The spin-on carbon polymer resin was used 

since it had the highest debond energy for W2C/dielectric structures, and the 

weakest interface will delaminate first in a multilayer structure.  The debond 
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energy for as-deposited Cu/W2C/CPR was 20.4 ± 3.4 J/m2 (Table 6.4).  SIMS 

depth profiling was performed to track the chemical species at the debonded 

surfaces.  Delamination occurred at the Cu/W2C interface; one exposed surface 

was Cu rich, and the other was W2C rich. 

Two surface treatments were applied to the carbide surface before copper 

deposition.  A 20 W, 30 s Ar plasma treatment was applied at 2 mTorr in the 

chamber following deposition of the W2C layer.  Alternately, 1 nm W metal was 

deposited on top of the carbide.  Cu was subsequently deposited on the treated 

carbide surfaces.  The debond energies for these modified samples were 

calculated to be greater than 37.4 ± 4.9 J/m2 for the Ar-treated surface and 42.5 ± 

2.8 J/m2 for the W-treated surface (Table 6.4).  SIMS investigation indicated that 

the delamination interface changed from the Cu/W2C to the W2C/CPR interface. 

The Ar plasma treatment effect is two-fold.  First, plasma treatment 

removes carbonaceous material resulting from the sample processing sequence 

increasing the bonding area between Cu and W2C.  Second, Ar plasma treatment 

is expected to decrease roughness as was found (by AFM) following a similar 

treatment of SiO2 and OSG.  Smoothing should decrease GSS.  AFM 

measurements were not performed for the Ar-treated carbide surface since W2C is 

sensitive to oxidation in ambient air, and the analysis could not be performed in-

situ.  Although no direct conclusion could be made, it is believed that carbon 

removal is the dominant positive effect of the Ar plasma treatment based upon 

what was learned from the AFM experiments with the SiO2 and OSG substrates. 
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Table 6.4: Critical debond energies for Cu on W2C and treated W2C for the 
Cu/W2C/CPR heterostructure 

Treatment GSS, (J/m2) Std. dev., (J/m2) No. of samples 

None 20.4 3.4 2 

20 W Ar plasma >37.4* 4.9 2 

1 nm W deposition >42.5* 2.8 2 
 
* Debonding occurred at the W2C/CPR interface.  The “>” symbol is 

applied to indicate that the debond energy at the Cu/W2C interface is 
greater than that of the W2C/CPR interface and is therefore not directly 
measurable using this heterostructure. 
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The increase in debond energy for the 1 nm pre-deposition of W is 

explained by a chemical mechanism.  The deposited W should form carbide with 

the excess carbon on the surface in addition to providing a W-rich surface in the 

event that all of the excess carbon is consumed.  If the excess carbon forms 

carbide, a distinct Cu/W2C interface is achieved, provided there is no leftover W 

metal on the surface.  It is doubtful, however, that there will be an exact 

stoichiometric match of the deposited W and excess C.  In fact, there may have 

been excess W.  The increased adhesion of the treated sample is attributed to a W 

enriched interface. 

6.4 CONCLUSIONS 

The implementation of the four point bend method proved to be a useful 

technique in the evaluation of thin film adhesion for copper metallization 

multilayer structures.  This method allowed quantitative discrimination among 

layered films that passed the commonly applied scotch-tape test.  The use of the 

epoxy bonding method prevents estimation of absolute GSS values for the 

interfaces studied, and sample comparison is limited to within the bounds of the 

study.  Complimentary use of XPS proved to be beneficial in analyzing the effects 

of surface treatments on chemical bonding at interfaces.  This additional analysis 

correlated with the debond study of treated samples aided determination of 

phenomena responsible for adhesion. 

For the physical vapor deposition of W2C on SiO2 and three low-k 

materials, debond energies differed by up to an order of magnitude.  The highest 
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adhesion values were observed for W2C deposited on a spin-on carbon polymer 

resin (39.9 J/m2) and thermally grown SiO2 (20.3 J/m2). 

The effects of Ar plasma, 1 nm W interlayer deposition, and O2 plasma 

surface treatments on adhesion were also evaluated.  Of the most significant, the 

Ar plasma treatment of thermally grown SiO2 increased the adhesion to W2C by a 

factor of two.  Also, the adhesion of copper to W2C (20.4 J/m2) was examined and 

found to be greatly increased by either Ar plasma treatment of the carbide surface 

or enrichening of the surface by thin (1 nm) W metal deposition, such that 

delamination occurred at the W2C/CPR interface whose debond energy was at 

least 37.4 J/m2. 
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Chapter 7:  Summary 

7.1 CONCLUSIONS 

The research presented in this dissertation attempts to contribute to the 

progress of advanced Cu-diffusion barrier technology for ultra-large scale 

integrated (ULSI) circuit interconnect from a diversified approach.  Fundamental 

surface chemistry investigations aided the development of a new chemical route 

for Ta atomic layer deposition (ALD) as well as revealing detailed adsorption 

phenomena of Ta-halide molecules on Ta and SiO2 surfaces.  Engineering-

oriented studies applied this newly gained knowledge to achieve Ta thin films via 

TaF5 and Si2H6 half-reactions.  Also, a known technique for probing interfacial 

adhesion, the four-point bend method, was implemented to characterize the 

adhesion of W2C barrier thin films with SiO2 and candidate low-k dielectric 

substrates. 

The most significant achievement here is the demonstration of Ta film 

growth.  Metallic Ta films were deposited on SiO2 between 523 and 623 K by 

repeating separate, sequential delivery of TaF5 and Si2H6.  This chemistry has not 

been reported by other groups, and is currently the only other method disclosed in 

the literature applicable towards Ta ALD, second to the plasma-assisted TaCl5/H2 

route [1].  It is important to have such alternatives because Ta is technologically 

important for ULSI interconnect.  It’s favorable barrier and electrical properties 

[2-7] along with the requirements for future ULSI drive the search for deposition 

methods compatible with highly-scaled interconnect architectures.  The use of 
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refractory metal thin films in the Cu-diffusion barrier application is expected to 

last through the final technology node defined in the International Technology 

Roadmap for Semiconductors [8].  Hopefully, the TaF5/Si2H6 chemistry or similar 

adaptation proves fruitful for these future nodes.  Added value may be found in 

the details of these studies which may aid other research, perhaps metal-

halide/Si2H6 ALD pathways for other important metals.  More work, of course, is 

required to eliminate parallel chemical vapor deposition reactions with 

background TaF5, minimize F impurity and characterize the physical, electrical, 

and barrier properties of these films. 

Highlighting additional accomplishments, the investigation of TaCl5 

adsorption on polycrystalline Ta discovered interesting phenomena hypothesized 

to be due to surface structure.  This study was initiated to establish the 

temperature for multilayer adsorption of TaCl5, since low temperature ALD is 

desired.  The focus changed to a topic of natural science, however, with the first 

set of results.  The temperature programmed desorption of TaCl5 multi-layers 

adsorbed at 130 K, along with complementary X-ray photoelectron spectroscopy 

(XPS) analysis, hinted at two phases related to the arrangement of the adsorbed 

molecules, disordered and ordered.  Though this suggestion was not 

independently confirmed, TaCl5 is crystalline in its bulk form [9].  Continued 

exploration of this system employing scanning tunneling microscopy and low 

energy electron diffraction techniques on single crystal Ta surfaces should help to 

further test the proposed surface physics.  No immediate application for this 
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behavior is apparent, but with the dawn of nanotechnology, the self-assembly of 

molecules in nature has become an increasingly popular subject. 

Surface science investigations of the TaF5 and Si2H6 half-reactions in 

ultra-high vacuum (UHV) led the way for Ta film growth.  Not only was proof of 

concept demonstrated, the UHV experiments founded understanding of the 

growth mechanisms for an established film and the interfacial chemistry on SiO2.  

The results unambiguously determined that TaF5 adsorption on clean and Si2H6–

treated Ta is self-limiting in the range of 303 to 523 K.  TaF5 dissociates on Ta, 

and the extent of dissociation increases with surface temperature.  Performing the 

half-reactions on polycrystalline Ta showed that surface reactions occurred 

between 423 and 523 K, suitable temperatures for barrier deposition.  Si2H6 was 

effective at removing F ligands from TaF5 adsorbed on Ta, and thus chosen as a 

suitable reducing agent.  (Author’s note: Having designed and performed all of 

these experiments, the addition of an internal high-pressure reaction cell [10] 

would be a vast improvement over the current capabilities of the UHV apparatus.  

This is not, unfortunately, a trivial undertaking, though it would greatly enhance 

the machine’s utility for future studies.) 

Examining the interactions of TaF5 with SiO2 was critical to predicting the 

chemistry of the transition regime, the period of ALD cycles establishing the first 

layers or regions of the Ta thin film on SiO2.  A 5 min 150 mTorr TaF5 exposure 

yielded a 3.1 nm thick TaO2F film on SiO2 at 523 K.  This reaction draws O from 

the substrate, resulting in silicate-like bonding at the TaO2F/SiO2 interface, as 

determined by XPS and secondary ion mass spectrometry (SIMS).  TaF5 is 
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sufficiently reactive with SiO2 to grow Ta oxyfluoride on the surface, and 

adsorption on SiO2 is therefore not self-limiting at the growth temperature of 

interest.  Without the inclusion of Si2H6, metallic Ta deposition cannot occur.  

This chemistry behaves differently compared to the WF6/Si2H6 system for W 

ALD because WF6 is inactive on SiO2.  Surface pre-treatment may be necessary, 

in addition to tailoring the process conditions, to minimize interfacial oxyfluoride 

formation. 

Finally, the four-point bend test was applied to assess the adhesion of 

reactive sputter-deposited W2C films with Cu, SiO2, and three candidate low 

dielectric constant (low-k) materials.  Primarily used within the mechanical 

engineering and materials science disciplines, the thin film research community 

has of late become more familiar with this test.  It permits a semi-quantitative 

analysis of adhesion and the toughness of thin film heterostructures, measured as 

the critical debond energy (J/m2), and is much more informative than the scotch-

tape peel test.  Coupled with XPS analysis, conclusions could be drawn about the 

effects of Ar plasma, 1 nm W deposition, and O2 plasma surface treatments on 

adhesion and interfacial chemistry.  To emphasize some key results, W2C had 

very good adhesion with carbon polymer resin (CPR) low-k (39.9 J/m2) and SiO2 

(20.3 J/m2) substrates in addition to Cu (20.4 J/m2).  Ar plasma treatment of the 

SiO2 substrate improved W2C/SiO2 adhesion to 41.3 J/m2.  It also enhanced 

Cu/W2C adhesion (treatment of the W2C surface) in a Cu/W2C/CPR 

heterostructure such that delamination occurred at the W2C/CPR interface. 
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7.2 RECOMMENDATIONS FOR FUTURE WORK 

Of all the subjects in this dissertation that could be further researched, Ta 

ALD takes highest priority because of its industrial potential.  Certainly 

interesting science can be found in the low-temperature adsorption of Ta-halides, 

as an example, but I feel that it is imperative for an engineer’s work to have a 

direct contribution towards technological development.  This work has simply 

grazed the surface of the TaF5/Si2H6 growth chemistry, and much remains to be 

done.  Refinement of the Ta ALD process will be the first step in achieving high 

quality Ta films free of impurities.  Noting Chapter 5’s discussion of Si content, 

pure Ta may not be possible, but F impurity will not be tolerable by industry 

standards.  Adjustment of the reaction parameters will solve part of the F 

contamination problem.  Experiments should employ shorter TaF5 exposure times 

and longer subsequent evacuation to minimize the TaF5 background and CVD 

reactions.  To more aggressively treat this problem, a new reactor design may be 

in order.  The main flaw with the first system is its small confines.  In the initial 

concept to minimize the reactor volume for rapid pump-down, the extraneous 

heating of the reactor walls, which are only a few mm away from the sample 

pedestal, was not considered.  Also explained in Chapter 5, this heating lent to a 

constant TaF5 presence in the chamber during heating.  Thermally isolating the 

sample heater from the walls will help to maintain cold-wall conditions.  A 

slightly larger chamber and a ceramic “heat stop” between the sample pedestal 

and its metal support are suggested. 
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If the offered solutions work, the next step will be to evaluate the reaction 

kinetics.  The word “kinetics” is an off-handed term to describe ALD.  Strictly 

speaking, kinetics can only apply to the individual half-reactions, which ideally 

self-limit.  Langmuir adsorption is well suited to model self-limiting half-

reactions.  More extensive studies can be performed to establish the full range of 

self-limiting behavior with respect to temperature and how the mechanisms for 

self-limiting uptake differ at the high and low temperature extrema.  This 

information will also permit the optimization of processes through the selection of 

conditions allowing full and more rapid completion of the half-reactions.  As was 

evident in Chapter 5, another concern is the kinetics of competing reactions, such 

as interfacial tantalum oxyfluoride formation during the TaF5 half-reaction on 

SiO2. 

More loosely applied, “kinetics” is also used to describe the increase in 

film thickness with the number of growth cycles.  The tenet of ALD, as its name 

implies, is discrete control of film deposition in atomic layers at a time.  A kinetic 

analysis in this sense is in order to establish the transition and growth regimes 

(defined in Section 5.1).  Rates between 0.1 and 0.3 nm per cycle are anticipated 

for the growth regime.  Such fine control will be necessary for depositing the 

predicted 2.5 nm barrier films for the 22 nm technology node with high 

conformality [8]. 

While Ta is known to meet the requirements of a good barrier (low 

electrical resistivity, good adhesion with interconnect materials, excellent 

inhibition of Cu-diffusion), the properties of films generated by chemical means 
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can differ from those deposited by the physical, i.e. physical vapor deposition 

(PVD).  Four-point probe analysis in conjunction with film thickness 

measurements are needed to determine resistivity.  Resistivity below 250 µΩ-cm 

for a 500 nm thick film is generally considered to be acceptable.  The four-point 

bend test will prove useful in characterizing dielectric and Cu adhesion to ALD 

Ta films and the impact of any surface treatments that may be used to affect 

interfacial chemistry.  Barrier performance must ultimately be evaluated against 

PVD Ta films.  Extensive research by Ekerdt and White group members has 

established highly sensitive, in-situ barrier test protocols based upon current-

voltage and capacitance-voltage electrical measurements of Cu/barrier/SiO2/Si 

test structures.  It will be especially important to determine how Si content affects 

this property. 

The final round of tests will involve solving integration challenges.  In 

initial research, Ta ALD has been demonstrated on SiO2, though in practice, many 

chemically different surfaces, including porous dielectrics, Cu and etch-stop 

materials, will be subjected to the growth half-reactions.  Deposition on these 

surfaces must be tried, along with evaluation of the ensuing interfacial chemistry.  

XPS, SIMS, and transmission electron microscopy will be most useful in these 

studies.  Growth must also occur conformally over non-planar substrates.  Cross-

sectional scanning electron microscopy of films deposited on trench structures is a 

simple test of growth conformality. 

The biggest integration problem will involve porous low-k, or ultra-low-k 

(ULK), dielectric materials.  ALD is intrinsically a very conformal growth 
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process, yet deposition within the pores of ULK films will defeat the ULK’s 

beneficial electrical properties.  Also, penetration by TaF5 and Si2H6 into the 

material via the pores could have a similar negating effect.  Direct Ta ALD on 

ULK’s may eventually not be relevant, on the other hand, since schemes are 

underway to “cap” the porous surfaces in preparation for barrier deposition.  

These methods may result in a chemically different surface.  One such scenario is 

the deposition of a BNx or BCxNy capping layer, which would be subjected to Ta 

ALD. 

Aside from the TaF5/Si2H6 system, analogous and alternative chemistries 

should be examined.  The inclusion of NH3 in a TaF5/Si2H6/NH3 reaction scheme 

may enable ALD of TaN, an important barrier material currently used in ULSI 

interconnect [8].  Fluorides of other transition metals (TM), such as TiF4, NbF5, 

and MoF6, present research opportunities for the ALD of their respective metals.  

The chlorides and TaCl5 may also be worth investigating for barrier ALD.  There 

is an aversion in industry towards the use of F-based barrier deposition processes, 

since F is known to adversely affect the electrical and physical properties of 

ULK’s.  There may be some benefits to using the chlorides, though they have 

lower vapor pressures and comparable reduction reactions are not as 

thermodynamically favorable (Chapter 3). 

Lastly, Ta and refractory TM ALD films may be well suited for other 

applications.  In front end processing, low resistivity gate electrode materials with 

specific work functions for obtaining proper threshold voltages in metal oxide 

semiconductor transistors will be needed to replace the current polysilicon gate 
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technology for future device generations [8].  Ta and TaN have potential as gate 

electrode candidates [11].  Refractory TM’s also have interesting mechanical 

properties, such as high hardness and toughness.  ALD may be used to apply 

wear-resistant TM coatings in microelectromechanical systems. 
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