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The nucleation and successful growth of copper (Cu) thin films on diffusion 

barrier/adhesion promoter substrates during metal-organic chemical vapor deposition 

(MOCVD) are strongly dependent on the initial Cu precursor-substrate chemistry and 

surface conditions such as organic contamination and oxidation. This research focuses on 

the interactions of bis(l,l,l,5,5,5-hexafluoroacetylacetonato)copper(II), [Cu(hfac)2], with 

polycrystalline tantalum (Ta) and polycrystalline as well as epitaxial titanium nitride 

(TiN) substrates during Cu MOCVD, under ultra-high vacuum (UHV) conditions and low 

substrate temperatures (T < 500 K). The results obtained from X-ray photoelectron 

spectroscopy (XPS), Auger Electron Spectroscopy (AES) and Temperature Programmed 

Desorption (TPD) measurements indicate substantial differences in the chemical reaction 

pathways of metallic Cu formation from Cu(hfac)2 on TiN versus Ta surfaces. 

XPS results indicate that atomic hydrogen is an effective in situ precleaning agent 

for the removal of both organic contamination and native oxide from TiN surfaces at 

450 K prior to MOCVD. Atomic hydrogen is also found to be the essential driving force 

for the reduction of Cu(hfac)2 and formation of metallic Cu via a disproportionation 

mechanism. Without atomic hydrogen exposure, TPD results indicate that Cu formation 

on the TiN surface is hindered by the back reaction of the intermediates. Overall, the 



results suggest that atomic hydrogen can be potentially used as an integrated preclean/ 

deposition methodology to inhibit interfacial organic buildup and oxide formation during 

MOCVD under real industrial (non-UHV) conditions. 

Cu MOCVD studies carried out on Ta showed that this substrate has a different 

surface chemical interaction with Cu(hfac)2 compared to TiN and other reactive 

substrates. A spontaneous reduction of Cu(hfac)2 to metallic Cu occurs on the Ta surface 

by 450 K even without exposure of the substrate to atomic hydrogen or other external 

reducing agents. This reduction and Cu formation on Ta occur even in the presence of 

substantial surface hydrocarbon and oxide contamination. Moreover, both the XPS and 

TPD studies indicate the stability of the Cu ad-layer on Ta at temperatures above those 

for grain boundary diffusion in TiN. These results suggest that Cu/Ta adhesion may 

prove considerable more robust than Cu/TiN adhesion. 
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CHAPTER 1 

INTRODUCTION 

Copper is considered to be the primary interconnection material that will replace the 

currently used aluminum or aluminum-alloys in the advanced multilevel metallization of 

integrated circuits (1-9). The widespread interest in the use of Cu as the main on-chip metal 

for microelectronic devices is due mainly to copper's potential advantages over A1 and other 

interconnection metals. Copper has better electrical properties and superior 

electromigration and stress resistance compared to A1 (2-5). These properties of Cu are 

extremely important as dimensions of integrated circuit (IC) devices are scaled down to 

submicron regimes (0.25 |J.m or lower) and where the reliability and performance of Al-

based interconnects become questionable. Metal-organic chemical vapor deposition 

(MOC VD) has been widely regarded as the method with the most potential advantages for 

Cu film deposition (6-11). Foremost among the advantages of MOCVD over other 

deposition methods (e.g. physical vapor deposition (PVD) processes) are its potential for 

conformal film coverage and for selective deposition. In addition, MOCVD has been 

shown to deposit Cu films with high growth rates at relatively low temperatures (6,13). 

However, in spite of the recent progress in the development of Cu-based metallization 

schemes, further studies are needed, especially on Cu MOCVD, before practical 

applications can be made (6-8,13). Moreover, several critical issues also need to be 



resolved in order for Cu technology to become an industrial reality (6,7,8). These issues are 

mostly related to the successful development of deposition techniques which will meet all 

the target specifications of semiconductor device manufacturing (6-8,13). Many researches 

have been focused also on materials science issues including contamination control, 

oxidation and corrosion control, prevention of Cu diffusion into the surrounding materials 

and control of microstructural and mechanical properties (6,7). The research study 

presented in this dissertation has been aligned to address some of these key issues 

particularly those related to Cu deposition on potential diffusion barrier materials. The 

main goal of this research was to understand the fundamental chemistry involved in the 

MOCVD of the Cu precursor: bis(l,l,l,5,5,5-hexafluoroacetylacetonato) copper(II) or 

Cu(hfac)2, with the surfaces of titanium nitride (TiN) and tantalum (Ta). The chemical 

reactions governing cleaning and contamination control, initial Cu nucleation, diffusion, 

and adhesion on TiN and Ta surfaces were studied under ultra-high vacuum (UHV) 

conditions and at temperature ranges typically used in Cu MOCVD (10-13). The surface-

sensitive analytical techniques employed were X-ray photoelectron spectroscopy (XPS), 

Auger electron spectroscopy (AES) and temperature programmed desorption (TPD). Cu-

based metallization schemes require use of materials such as TiN and Ta to prevent Cu 

from diffusing into the silicon/silicon oxide device and degrading its properties. Cu adheres 

poorly to some materials so the diffusion barrier must also serve as an adhesion promoter 

layer. TiN and Ta were mainly chosen to be studied as they are already currently being 

used as barriers layers in tungsten- and aluminum-based metallization (3,8). 



This dissertation is divided into five chapters. The first chapter, which includes this 

introduction, also contains discussion of the advantages of use of Cu, concepts on Cu 

deposition methods (PVD vs. CVD), and the experimental aspects used in this research 

study. In chapter II, a brief review of the relevant literature on Cu MOCVD on surfaces 

related to TiN and Ta is included. Chapter III contains the results and discussion of studies 

on use of atomic hydrogen as an in-situ cleaning of hydrocarbon contamination on TiN 

surfaces (14). Results regarding the chemistiy studies of Cu MOCVD on TiN (14,15) and 

Ta (16) surfaces are discussed in Chapter IV and V, respectively. These particular chapters 

are in turn subdivided into two major parts, XPS and the TPD studies. 

Microelectronic Applications of Copper 

Metallization is the term used for the formation of metallic coatings on substrates 

especially for microelectronic applications (17). Metals of primary interest are Al, Cu, W 

and Ti. Other metals are also used in specialized applications (4,17,18). These metals and 

related materials such as silicides, nitrides and other alloys are required in all levels of 

microelectronic circuits in which they connect the various transistors, resistors, capacitors 

and diodes to each other (17). The metals in particular form the electrical interconnections 

between millions of the different devices which are all integrated in the single IC. As the 

microelectronics industry evolves, there is a continuous demand to produce faster and 

smaller computers for new and diverse applications. These improved and enhanced 

computers in turn require faster chips which hold more elements and perform more 

complex functions. In most cases, the demand for better computer chips necessitates 
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Figure 1.1. Simple diagram which shows a multilevel metallization scheme. 

reduction of their critical dimensions and an increase in the density of the devices in the 

integrated circuits (4,18). These requirements have dictated modification or replacement of 

existing metallization schemes. As the geometry of the devices shrink, current 

interconnection technology has exploited the third dimension to produce the vertical 

multilevel device structures. 

Figure 1.1 shows a basic metallization scheme for creation of multilevel structures. 

The device structures are normally formed by depositing metal layers on semiconductor or 

dielectric materials and then etched to intricate patterns required to connect the circuits. In 
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current advanced metallization schemes, layers of patterned dielectric materials and metals 

are added on top of each layer through a series of processes of patterning, deposition and 

etching. As illustrated in Figure 1.1, the metal conductor has at least three different 

functions within the multilevel device structure (18). Aside from being the contact directly 

onto the active region (doped semiconductor), the metal is also employed as an interconnect 

between two different regions in the same plane/level of the chip (e.g. between two different 

transistors). The metal is also used in the multilevel structure as a via which connects 

together the lines from different metal levels. The current technology for metallization has 

already brought the minimum feature size of the device to less than 0.5|am and several 

vertical levels (three or four) are being used (4,18). Predictions published in the 1994 

Semiconductor Industry Association Technology Roadmap for Semiconductors (1) indicate 

that IC device structures could require up to seven levels of interconnects. This might 

represent the threshold of what is called the ultra-large scale integration (ULSI). In the 

direction towards ULSI, advanced metallization procedures have required consideration for 

use of new interconnect and dielectric materials which would replace currently used 

materials in the A1 and Si-based devices. The new interconnect metals should be able to 

handle the higher current densities resulting from the decreasing size of the device features, 

without the loss of electrical and structural integrity (2,4,18). Overall, advanced multilevel 

metallization would require good conductivity, electromigration resistance, controllable 

contact performance, thermal and mechanical stability, adhesion and bondability, 

patternability, and economic feasibility (2,4). ULSI metallization schemes would also 



require reliable deposition techniques to successfully fabricate the devices with complex 

structures and with high-aspect ratio features (Figure 1.2). In ULSI structures, aspect ratios 

are expected to exceed 6:1 (8,13). 

Table 1.1. Comparison of material properties and process problems among possible 
interlayer metals (2,4,5) 

Property Cu Al W Ag Au 
Resistivity (nQ-cm) 1.67 2.66 5.65 1.59 2.35 
Melting Point (°C) 1085 660 3387 1064 962 
Electromigration resistance 
(0.5fxm) 

High Low Very 
High 

Very 
Low 

Veiy 
High 

Corrosion Resistance in Air Low High High Low Very 
High 

Adhesion to SiC>2 Poor Good Poor Poor Poor 
Deposition By Evaporation + + + + + 

Deposition By Sputtering + + + + + 

Deposition By CVD + + + ? ? 
ry etching Processing at low temp. ? + + ? ? 

Notes: + = possible, ? = process is sti 1 questiona 3le or impossible 

A1 and its alloys, the currently used metallization materials, meet most of the 

metallization requirements for microelectronic devices. However, as mentioned earlier, A1 

suffers several limitations such as its susceptibility to electromigration and stress-voiding 

induced open-circuit failure (2,4,19). Table 1.1 shows a comparative list of several 

properties of A1 versus those of Cu, W, Ag and Au (the metals which are considered to be 

potential replacements for Al). As indicated in Table 1.1, the bulk resistivity of pure A1 

(2.66 |aQ-cm) is relatively higher than that for pure Cu (1.67jxQ-cm) or Ag (1.59|uQ-cm). 
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Figure 1.2. Schematic diagram of a via or a contact hole. The aspect ratio of a via or 
trench is defined as the ratio of the depth (or height, h) of a particular feature to its width, w. 
For a conformal deposited film with good step coverage (case (a)), the thickness, t is equal 
to the thickness on the side, s. Case (b) illustrates uneven film coating (poor step coverage). 

Current Al-based interconnects have much higher resistivities (~3 to 3.5 |iQ-cm or higher) 

because they are actually made of alloys containing A1 and Cu (2,4). The Cu is added to A1 

or Al-Si alloys to increase the electromigration resistance of the film (4). The resistivity of 

the interconnect is also increased by presence of defects in the film, incorporation of 

impurities during the metal deposition and use of additional material liners or layers. 

Higher resistivities lead to higher signal propagation delays; and thus, adversely affecting 

the speed, reliability and performance of the device. The phenomenon of electromigration 

occurs when the metallic conductor is subjected to high current densities at operating 

conditions where atomic diffusion is high. This leads to mass transport (2,4). The 

mechanism for the enhanced mobility of atoms are caused by: (1) the direct influence of the 

electric field on the ionized atoms and (2) the direct collision of electrons with atoms, 
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leading to momentum transfer and atom movement. In most cases, A1 is the worst metal as 

far as electromigration related interconnect failures are concerned (2,4). Studies have 

shown also the inability of A1 deposition techniques to fill high-aspect-ratio vias at low 

temperatures, poor adhesion to polymers and poor ability to be planarized (2,4,6,20). These 

are among the important concerns why A1 is considered to be replaced with Cu and or other 

metals. 

Tungsten is currently used in the vertical interconnections in Al-based metallization. 

Tungsten CVD is also used to fill the high-aspect ratio contact openings and local 

interconnects (4,20). As indicated in Table 1.1, tungsten offers high temperature stability, 

good corrosion resistance, electromigration resistance, excellent deposition methods and 

patternability with dry etching. Selective chemical vapor deposition of W on Si vs. SiC>2 is 

also achievable (11). However, it is noticeable from Table 1.1 that W has the highest 

resistivity of the metals being evaluated. Thus, W might be unlikely to be used in very-high 

performance circuits or for ULSI. Among the other potential interconnect metals, Ag offers 

the lowest resistivity, but it has been reported to have poor electromigration resistance and 

weak adhesion to SiC>2 and other dielectric materials (2). Moreover, Ag is also reported to 

have a faster rate of diffusion into Si02 compared to Cu (2). Gold, a noble metal, offers 

excellent resistance to corrosion and has low tendency to electromigration. It has a lower 

resistivity than A1 but it is reported to have poor adhesion to SiC>2. It also has a high 

diffusion coefficient with Si and SiC>2. These properties have discouraged use of Au as an 

interconnect metal in Si-based technologies (2). Copper, with its low intrinsic resistivity 



and better resistance to electromigration, is considered to be the potential interconnect 

metal of future devices. Cu can reliably carry current densities up to 5xl06 amperes/cm2 

(20). The necessary current could flow through narrower Cu interconnects. This advantage 

will be of particular importance for metal linewidths below 0.25um. Cu would have a very 

significant advantage over A1 or W in permitting size and cost reduction and higher 

operating speeds (an estimated 50% increase for devices with channel lengths of 0.25 |am 

(20). Cu also offers improved mechanical properties over other metals. It has higher yield 

strength and ultimate tensile strength than A1 (2,4). A higher yield strength suppresses 

plastic flow which causes stress migration behavior. The higher ultimate tensile strength 

maintains the conductor integrity by suppressing the intrafilm failure by film rupture, in 

favor of failure to adhesion loss (2). Use of Cu, however, has its disadvantages. As 

mentioned earlier, Cu diffuses easily into Si. Therefore, improved barrier layers must be 

developed for use between Cu and Si (4,20). The barrier layer should also serve as a layer 

to improve adhesion of Cu to surfaces which are hard to "wet". Currently, there are a few 

other techniques used to enhance Cu adhesion. These include conditions where the 

deposition temperature is increased and where the surfaces are subjected to ion-

implantation or to plasma treatment (2). Another limitation of Cu is its susceptibility to 

oxidation and corrosion. Cu, unlike Al, does not easily form a passivating oxide which 

would otherwise prevent corrosion and oxidation. Thus, greater protection may be needed 

in handling partially completed devices during manufacturing. Currently, passivation 

treatments of the Cu surfaces to prevent Cu interaction with SiC>2 involve dipping of the 
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substrate in liquid or gaseous surrounds (2). More improved encapsulation procedures of 

the final devices may also be needed in order to protect the Cu adequately during long-term 

use. Lastly, Cu interconnect technology also requires the introduction of non-traditional 

patterning techniques like the Damascene process (2,4,6,9). These critical issues with use 

of Cu needed to be studied with both currently used Si02-based dielectrics and low-K 

dielectric polymer materials which will be needed in the future to further enhance the speed 

and performance of IC devices. 

Diffusion Barrier Layers 

Barrier layer materials are often introduced between the metal and the 

semiconductor to suppress unwanted chemical reactions and interdiffusion of materials; 

factors which can cause the performance of the contacts to Si to degrade significantly. 

These processes occur mainly because of the strong thermodynamic driving forces behind 

them (i.e.. concentration gradient in case of grain boundary diffusion and the lowering of 

the free energy of formation of products after interfacial chemical reactions) (3,21-23). 

Thermodynamics cannot be altered, but the rate of these processes can be slowed down by 

using barrier layers. Figure 1.3 shows a schematic diagram on how a barrier layer functions. 

In the first case (Figure 1.3a), the barrier layer is a "passive" barrier. This type of barrier has 

a large negative free energy of formation and is therefore chemically inert and does not 

interact with the overlying or underlying materials. Passive diffusion barriers generally 

have low solid solubilities in silicon and metals (21-23). They have been the most preferred 
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form of barrier materials. TiN is the most well-studied diffusion barrier. Other examples 

are the transition metal compounds of carbides, borides, nitrides and silicides which form 

strongly bonded compounds. The second type of barrier layer is the "sacrificial" barrier. Its 

purpose is to react with either or both of the overlying and underlying materials during the 

thermal processing cycles. Sacrificial barriers are commonly formed from pure metals like 

Ti and Ta and their alloys. They have a finite lifetime after which they are no longer 

effective in preventing the interaction of the metal and Si. However, in most cases the 

barrier is thick enough and cannot be wholly consumed during the thermal cycles. 

Diffusion 
Barrier 

(a) 

A 1 

^ HEAT 

A 

Sacrificial 
Barrier 

• 

X 

Figure 1.3. Schematic diagram of at least 2 ways in which a barrier layer can impede 
reaction or interdififusion between two materials A and B: (a) by providing only slow 
diffusion paths and (b) by reacting with the diffusing A or B atoms. 
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In most instances, the barrier layer, whether a passive or a reactive one, is usually 

deposited as a polycrystalline film. Thus, the film has grain boundaries which can serve as 

pathways for enhanced diffusion of atoms from the adjacent layers. Many of these grain 

boundaries are blocked and filled with foreign materials during deposition process to reduce 

Si and metal diffusion (21-23). Metallic diffusion barriers are normally "stuffed" with 

nitrogen, oxygen or hydrogen. In other cases, instead of polycrystalline films, single-crystal 

or amorphous films are used as barrier layers. These eliminate the problems associated with 

grain boundary diffusion. Deposition of single crystal films is a difficult process from a 

manufacturing standpoint and, thus use of amorphous barriers is preferred (21). 

There are several general characteristics necessary for an effective barrier layer (21-

23). It is imperative that the layer exhibit good adhesion, low-resistance contact, and 

thermodynamic stability with the adjacent materials. The barrier layer should also be easily 

deposited using a manufacturable process and be etched in combination with the metallic 

conductor. There should be no excessive reaction between the neighboring layers (i.e. the 

metal or the dielectric) which would otherwise lead to large increases in resistance. 

Moreover, these good barrier properties should be achievable at the minimum possible film 

thickness (normally less than 100 A) (8,21). 

Copper Deposition Methods 

Physical vapor deposition (PVD) and chemical vapor deposition (CVD) are the 

principal methods used for the deposition of Cu films and diffusion barrier materials 
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(2,7,20). Evaporation and sputtering are mainly the two types of PVD. Evaporation (also 

known as vaporization) is the simplest and cheapest of all the deposition techniques. 

However, it is not particularly useful in film coating of non-planar areas with high-aspect 

ratio features. Use of evaporation is limited because it requires high degree of directionality 

of the vapor-phase species (2,19). Sputtering which is carried out in a vacuum chamber is 

the preferred PVD method for depositing Cu and other metallic layers. In sputtering, non-

reactive gases such as Ar are ionized using radio frequency (RF) or direct current (DC). 

The Ar ions are accelerated toward the surface of the metal target from which they dislodge 

the metal atoms. The metal atoms then travel across the chamber and coat the subtrate. It is 

reported that the sputtering yield of Cu is among the highest of all the metals (2,4). Low 

resistivity and large-grain size Cu films were also reported using biased and high-density 

plasma sputtering (2). However, as in the case of evaporation, sputtering has difficulties in 

filling complex structures, the ones with narrow holes and trenches of high-aspect-ratios. 

The metal atoms tend to stick to the upper part of the walls and often the film becomes thick 

enough to block off the top hole. The resulting step coverage is poor and a void is often left 

in the metal deposit. Such voids and poor step coverage increase the electrical resistance of 

the interconnect and may also lead to failure by electromigration of the metal (2). Voids are 

avoided now by using collimated sputtering where a plate with narrow holes (collimator) is 

placed between the substrate and the target (2,4). The collimator only passes the metal 

atoms that are traveling perpendicular to the substrate. Therefore, voids are not formed 

because the metal atoms directly reach the bottom of the contact window. However, use of 
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Figure 1.4. Graphical diagram of the CVD process. 
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collimator has a disadvantage of decreasing deposition rates. Moreover, deposition of Cu 

by collimated sputtering cannot fill holes with greater than 3 to 4 high-aspect ratios 

expected for ULSI (2,4). 

Chemical vapor deposition is a process where one or more volatile molecules are 

transported in the vapor phase to the reactor chamber, where they decompose on the surface 

of a heated substrate (9,17,20). This results in the subsequent deposition of a solid film and 

the elimination of the byproducts from the reaction area (Figure 1.4). Both inorganic and 

organometallic compounds (as in the case of MOCVD) are used as metal precursors. The 

occurrence of the chemical reaction is central to the metal film growth. Detailed description 

of the CVD process for different types of precursors and target metals including Cu were 
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reviewed recently (9,17). The chemistry of Cu MOCVD is discussed further in depth in the 

next chapter. Normally, the CVD processes involve use of carrier gases such as H2, Ar and 

N2 for transport of the solid or liquid phase precursors to the chamber. Other reactive gases 

may also be added to the precursor vapor to alter the chemistry of the film deposition (e.g. 

by acting as reducing or oxidizing agents). A variety of types of CVD are reported; these 

include thermal or conventional, plasma-assisted, laser-assisted and photo-enhanced (laser 

or UV radiation) deposition techniques (17,20). 

As mentioned earlier, the most important advantage of CVD technique is its ability 

to deposit conformal films with good step coverage (Figure 1.2a). In contrast to the line-of-

sight deposition requirements of sputtering and evaporation, CVD only requires a sufficient 

precursor partial pressure (9,17,20). Thus, substrates of different sizes and shapes can be 

coated uniformly using CVD. Selective deposition of metal (in contrast to blanket 

deposition) on some substrate material in the presence of other types of surface is more 

effectively done using CVD processes (11,17). This is because the deposition is controlled 

by the surface chemistry of the precursor-substrate pair. 

The conventional CVD of metals and metallic compounds, from a chemical 

mechanistic point of view, is a very complex process (17). As shown in Figure 1.4, the 

metal is deposited onto the substrate which is held at a fixed temperature via a 

decomposition of an often large and complex precursor. This clearly means that if the 

deposition is to proceed both cleanly and at reasonable rates, several limitations are to be 

placed on the chemical and physical properties of the precursor. The precursor, aside from 
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having a high vapor pressure so that sufficient amount of it can be transported to the 

reaction zone, must also be thermally stable. Premature precursor decomposition, due to 

instability, often leads to particle formation, surface contamination, and excess precursor 

consumption (17,20). Once the precursor has reached the substrate surface it must also 

decompose or react reasonably fast through the desired deposition mechanism. The metal-

ligand bonds must be readily cleaved while the ligands must not decompose but rather 

desorb from the surface. In this way, the ligand is not incorporated as an impurity into the 

growing film. Otherwise, the impurity will significantly increase the film resistivity and 

reduce the reliability and performance of the microelectronic device. Most importantly, the 

CVD process must occur at a temperature that is compatible with the substrate. A low 

temperature (T < 30Q°C) is normally required as high temperatures are detrimental to 

device structures, especially during the last steps of the manufacturing sequence (4). These 

requirements make CVD, in general, a comparatively complicated process. This is a reason 

why a fundamental understanding of the chemistry, the goal of this dissertation, is of 

extreme importance to the optimization and success of a particular CVD method. 

Understanding the surface chemistry of the organometallic Cu complexes on 

different types of substrates is important in defining the fundamental growth mechanisms 

for MOCVD of pure Cu films (17,24,25). It has become apparent that the chemical 

composition, structure and electrical properties of MOCVD Cu films are heavily dependent 

on the initial Cu precursor-substrate adsorption, decomposition and nucleation (24,25). 

Therefore, it is essential that the initial adsorption and interaction of Cu precursors on 
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surfaces be carefully studied. Cu-substrate interactions may be investigated in detail using 

well characterized surfaces under controlled UHV conditions. The fundamental reaction 

mechanisms and optimum processing conditions for Cu MOCVD are derived from data 

using various surface-sensitive analytical techniques. 

It is important to note that the reaction mechanism responsible for initial nucleation 

does not always apply to the subsequent steady growth. During nucleation on reactive 

substrates, the main reaction is in competition with the other side reactions that produce 

contamination (i.e. species other than Cu). Once the steady growth begins, any 

contaminants produced during the nucleation will be trapped at the Cu-substrate interface. 

These contaminants usually influence device reliability through adverse Cu/substrate 

interactions (25). The steady state Cu growth reaction does not occur under UHV 

conditions since several orders of magnitude in fluxes are typically required for steady 

growth conditions. However, 

the side reactions observed under UHV conditions are similar to the reactions that occur 

during nucleation. Similar contaminant species and levels are also produced (24,25). 

Although no Cu film is grown, studies under UHV conditions provide a means to study in 

detail the reactions occurring at the Cu/substrate interface under industrial processing 

conditions. 

Experimental Aspects 

It has been long recognized that the interaction of any solid surface with its 

environment, or with any other surface, is determined primarily by the composition of 
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outermost atomic layers of the material (26,27). Oxidation, catalysis, adhesion, thin-film 

growth, and other related surface phenomena are studied more effectively using surface-

sensitive analytical techniques (26,27). Surface science has found numerous applications, 

particularly in the semiconductor and related high technology industries (4,27). This is 

because most of the processes involved in these technologies require a complete 

understanding, at the molecular and atomic level, of surface chemical reactions Normally, 

the region within 10 A - 50 A of the outermost row of atoms of material is regarded as the 

surface of a material (27). The structure and composition of this surface are often 

considerably different from those of the bulk. The atoms are usually bonded to fewer atoms 

in the surface region compared to the bulk region. Therefore, the forces acting on the 

surface atoms are expected to be substantially different than the forces on the bulk atoms. 

Surface studies at the atomic level require that the surface remain clean over the 

time frame of the experiment. In many instances, this can only be achieved under 

controlled UHV conditions with pressures of lx 10"9 Torr or less. Under UHV conditions, 

a surface can stay relatively clean for over one hour (27). As mentioned earlier, the 

principal UHV-based surface analytical techniques used for this research work were X-ray 

photoelectron spectroscopy (XPS) and Auger electron spectroscopy (AES). Both of these 

techniques probe the first few atomic layers of the surface by measuring the kinetic energies 

of the electrons ejected from the solid upon its initial irradiation with either photons or high-

energy electrons. The surface sensitive nature of AES and XPS is a result of the short 

inelastic mean free path (IMFP) of the emitted electrons (26-29). The IMFP of the electron 
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through the solid is dependent on its kinetic energy. For example, the IMFP in a solid of a 

50 eV electron is only 5 A and increases slowly with kinetic energy approximately as (E)1/2 

(29). Only those electrons which have not scattered inelastically after irradiation will 

emerge from the sample with the characteristic energy of the element which emitted them. 

Since most electrons have energies in the range of 50 - 1500 eV, they have short IMFPs and 

high surface sensitivity. 

X-ray Photoelectron Spectroscopy 

X-ray photoelectron spectroscopy, also known as electron spectroscopy for 

chemical analysis (ESCA), is one of the most widely used characterization techniques for 

different types of surfaces (27,28). Surface analysis by XPS is accomplished by irradiating 

a sample in vacuo with monoenergetic soft x-rays (Mg Ka (1253.6 eV) or A1 Ka (1486.6 

eV) source) and analyzing the energy of the emitted photoelectrons, usually with a 
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Figure 1.5. Schematic of the XPS emission process for a model atom. 
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Figure 1.6. Full scan x-ray photoelectron spectrum of a Ta surface covered with a 
submonolayer coverage of oxygen. Both XPS and Auger peaks are shown in the spectrum. 

concentric hemispherical analyzer and detector (27-29). The XPS process is shown 

schematically in Figure 1.5. The x-ray primarily induces the ejection to the vacuum of the 

core level electrons from the constituent atoms of the solid surface. The photoelectric event 

is usually followed by an Auger process. This involves a relaxation process wherein an 

outer electron falls into the inner orbital vacancy while a second electron is simultaneously 

ejected carrying the excess energy. 

The photons from the x-ray sources have penetrating power in the solid within the 

order of 1-10 jum (27-29). The photoelectrons from these region have measured kinetic 

energy (KE) given by: 
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(1.1) KE = hv - BE - (|is 

where hv is the energy of the photon, BE is the binding energy of the atomic orbital from 

which the electrons are ejected, and <(»s is the work function of the spectrometer (a constant 

for a given analyzer). The binding energy is regarded as the energy difference between the 

initial and final states of the sample after the photoionization. It is apparent that there could 

be a variety of possible final states of the ions from each type of atom and correspondingly a 

variety of kinetic energies of the emitted electrons. However, each element has a unique 

set of kinetic/binding energies, and would give a unique spectrum. Therefore, XPS can be 

used for elemental identification. Normally, it is the binding energy value which is 

determined in XPS experiments and it is calculated by rearranging equation X to give: 

(1.2) BE = hv - KE - <|>s 

Figure 1.6 shows a typical XPS spectrum. The spectrum is obtained as a plot of the 

number of detected electrons per energy interval vs. their binding energy. For a mixture of 

elements (like the case of Ta-oxide in Figure 1.6), the spectrum is approximately the sum 

of the peaks of the individual constituents. Quantitative ciata can be obtained from the peak 

areas. The identification of chemical states and chemical bonding information can be made 

from exact measurement of positions and separations of binding energies as well as from 

certain spectral features (e.g. shake-up peaks). The electronic binding energies for inner-

shell electrons shifts as a result of changes in chemical environments. These chemical shifts 

in binding energies are directly related to the charge transfer in the outer electronic levels. 
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The charge redistribution of the valence electrons affects the binding energy of core 

electrons (27-29). For instance, a loss of negative charge (from oxidation) is usually 

accompanied by an corresponding decrease in the binding energy of the core electrons (28). 

X-ray excited Auger peaks can also provide additional information of chemical states. 

Auger signals often show binding energy shifts significantly larger than their XPS 

counterparts. There are handbooks and references which compile the survey spectra for 

most elements and some of their compounds (30). These handbooks also tabulate energy 

shift data which can be useful guides in the identification of chemical states. 

Auger Electron Spectroscopy 

AES is similar to XPS and is suitable for studying the composition of surfaces 

(27,29). The schematic of the Auger process is shown in Figure 1.7. The process involves 

three energy levels: an empty core level (K-shell) and two higher levels (L or M shells). The 

initial empty core level (the electron vacancy with energy Ek) is typically created by 

bombarding the sample surface with an electron beam (3-5 keV) or illuminating the 

surface with x-rays as in Figure 1.6. By an internal process, the core hole is then filled by 

an electron from one of the higher energy levels (Eli). In order to balance the energy, a 

third electron (the Auger electron of energy Eu) is ejected simultaneously from the atom 

into the vacuum. In contrast to the photoelectron in XPS (Figure 1.7), the energy of the 

Auger electron is independent of the excitation source and is primarily a function of the 

energy-level separations in the atom only. For the KL1L3 electronic transition (Figure 1.7b), 

the energy of the Auger electron is given by: 
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(1.3) EA - Ek - ELI - EL3* - e®sp 

where e is the electronic charge, <t>sp is the spectrometer work function and El3* is the 

energy of the doubly-ionized state. 

In most cases, AES studies of surfaces are carried out for both qualitative and 

quantitative purposes. The energy of the Auger electrons is characteristic of the elements) 

from the sample and is used to identify the elemental composition. In selected cases, 

chemical bonding information can also be obtained from the Auger energy peak position, 

peak shape and fine structures. Most elements except H and He have characteristic Auger 

electrons in the range of 0 -2000 eV (27-29). Typical Auger experimental data yield 

electron intensity as a function of energy (I vs. eV) but it is usually displayed as the second 
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Figure 1.7. Schematic of the Auger process of a model atom. Step (a) shows the initial 
excitation process while step (b) shows the emission of the Auger electron. 
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9 9 

derivative of intensity (d I /dV ) as a function of eV. In this form, the Auger peaks are 

readily separated from the large background which is due to the other electron-loss 

processes that takes place simultaneously with the Auger process. 

Temperature Programmed Desorption (TPD) 

TPD is a one commonly used method for studying molecular adsorption and surface 

reactions (26,32-35). Figure 1.8 shows a graphical diagram of a TPD method. In a basic 

TPD experiment, the gas molecules are adsorbed onto a well characterized sample surface 

at low temperatures in a vacuum system. The temperature of the substrate is then increased 

in a controlled manner while the desorption of products from the surface back into the gas 

phase is monitored using a quadrupole mass analyzer (QMA). The QMA consists of four 

parallel shaped electrodes which serve as mass filters. With application of different 

electrical fields on the electrodes, selected ions of certain mass-to-charge ratio are allowed 
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Figure 1.8. Schematic of the TPD process. 
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to pass to reach the detector and be quantified. A computer is used to control the whole 

process of heating and detection of products in TPD. The data obtained from the TPD 

experiment consists of the intensity of the variation of each recorded mass fragment as a 

function of temperature. 

An adsorbed species present on the surface at low temperature may remain almost 

indefinitely in that state. As the temperature of the substrate is increased in a TPD 

experiment, there will come a point at which the thermal energy of the adsorbed species is 

sufficient enough for a surface reaction to happen. Several possibilities may occur (26). 

First, the molecular species initially adsorbed may decompose to yield either gas phase or 

other surface species. The adsorbate can also react with the surface to yield a specific 

surface compound, or it might diffuse into the bulk of the underlying solid. Furthermore, 

the reacted or unreacted species may desorb at a higher temperature from the surface and 

return into the gas phase. By analyzing the TPD spectrum, overall surface reaction kinetics 

and mechanisms cam be derived. The area under the desorption peak is usually proportional 

to the amount of the originally adsorbed species. The kinetics of the desorption process 

(34,35) which gives a qualitative picture of the state aggregation of the adsorbed species 

(i.e. whether the species are associatively or dissociatively adsorbed on the surface), is 

obtained from the peak profile and the coverage dependence of the desorption 

characteristics. The position of the peak temperature (where maximum desorption occurs) 

can be further related to the enthalpy of adsorption or the strength of the binding of the 

adsorbate to the surface. One implication of the last point, is that, if there is more than one 
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binding site for an adsorbate, then the TPD will show multiple peaks in the TPD spectrum 

corresponding to different enthalpies of adsorption for each surface site. 
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CHAPTER 2 

COPPER MOCVD: A REVIEW OF RELATED LITERATURE 

Introduction 

Research on copper chemical vapor deposition technology has significantly 

accelerated in the past several years, as evidenced by the considerable number of 

publications and reviews in this area (1-9). The focus of a majority of the studies has 

been on the Cu precursor chemistry, gas phase and surface reaction mechanisms, 

deposition kinetics, film characterization and process optimization. In most cases, the 

UHV and non-UHV studies have dealt with the CVD of thin films using either Cu(I) or 

Cu(II) precursors. The most widely used and investigated organometallic Cu complexes 

have been either Lewis base adducts of Cu(I) P-diketonates or Cu(II) p-diketonates; 

owing to these compounds relatively high volatility, thermal stability and potential ability 

to yield high-purity Cu films (5-9). Although structurally similar (Figure 2.1), Cu(II) and 

ligand-stabilized Cu(I) p-diketonate compounds react quite differently with various 

substrates commonly used in the fabrication of IC devices. This chapter summarizes the 

basic differences between the chemistry and reactivity of Cu(I) and Cu(II) P-diketonate 

complexes. The emphasis of the discussion will be in the UHV studies of Cu MOCVD 

of Cu(hfac)2 on surfaces related to TiN and Ta. Other factors which affect the MOCVD 
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of Cu (such as presence of carrier gases and solvents) are also included in this chapter. 

Copper Precursor-Adsorption Mechanisms 

Figures 2.1a and 2.1b show the basic structures of Cu(I) and Cu(II) P-diketonate 

complexes, respectively. Changing the substituent groups (Ri or R2) and ligands (L) 

affects greatly the size, geometry and other properties of Cu complexes (5-9). For 

instance, the volatility of the precursor is affected greatly by the degree of the fluorination 

of the substituent groups. Consequently, this may lead to different chemistries for the 

Figure 2.1. Chemical structures of (a) ligand-stabilized Cu(I) and (b) Cu(II) P-
diketonate precursors 
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CVD processes for Cu(I) and Cu(II) P-diketonate precursors. Tables 2.1 and 2.2 list 

some of the commonly used Cu(I) and Cu(II) complexes, respectively. The most popular 

and widely used among the Cu(I) precursors is Cu(I)(hfac)(vtms). On the otherhand, 

Cu(hfac)2 is the most extensively studied among the Cu(II) precursors. The syntheses, 

geometry, chemical properties and deposition properties of the various Cu precursors 

have been recently reviewed (5,7). As mentioned earlier, the reaction mechanisms for the 

deposition vary under high pressure CVD conditions are different for Cu(I) vs. Cu(II) P-

diketonate types of precursors. However, in most cases, UHV surface science studies 

(Table 2.3) of both Cu(I) and Cu(II) types of precursors on particular types of substrates 

are in agreement on initial surface reactions. 

Table 2.1. Selected Cu(I) type p-diketonates (2,5,7). 

Ligand (L)* Common abbreviated name of 
ligand 

trimethyvinylsilane tmvs or vtms 
1,5-cyclooctadiene COD 
1.5-dimethyl-1,5-cyclooctadiene 
1.6-dimethyl-1,5-cyclooctadiene 

1.5-DMCOD, 
1.6-DMCOD 

bis(trimethylsilyl)acetylene BMTSA 
RC=CR, where R could be CH3, 
CH2CH3, C6H5 or mixed 
trimethylphosphine 
(and other PR3 where R= CH2CH3, C6H5, etc.) 

PMe3 

3-hexyne 
(and other alkynes like (CH3Si)2C2, CH3C2, etc.) 
Notes: T h e R substituent group of the basic diketonate structure can be CH3, CF3, 
CF2CF3, C(CH3)3, etc.(e.g. for Cu(I)(hfac)L, the R group is CF3). 
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Table 2.2. Selected Cu(II) type P-Diketonates (2,5,7). 

Substituent group - ligand Common 
name of the R group 

Ri = R2=CF3, (l,l,l,5,5,5,-hexafluoroacetyl-2,4-
pentanedione) 

hfac orhfa 

Ri = R2 =CH3, (acetylacetonate) acac 
Ri = CH3 R2= CF3, (l,l,l-trifluoro-2,4-pentanedione tfac 
Ri = R2 = C3F7 (l,l,l,2,2,3,3,7,7,8,8,9,9-tetradecafluoro-4,6-
heptanedione) 

tdf 

Ri= CH3 R2= C3F7 (6,6,7,7,8,8,8-heptafluoro-2,2-dimethyl-
3,5-octanedione) 

fdo 

Table 2.3. Adsorption Studies (UHV conditions) of Cu(hfac)2 and related 
compounds on various types of surfaces. 

Adsorbate Subtrate Techniques Ref. 

Cu(hfac)2 
Cu(hfac)(tmvs) 

Cu(lll), 
Cu(100) 
Cu(poly) 

RAIR, HREELS, TPD, IDMS 10,11, 
12 

Cu(hfac)2 

Cu(hfac)(COD) 
Ag/Si(l 11) HREELS, XPS 13 

Cu(hfac)2, 
Cu(hfac)(COD) 

Ag, Si02 XPS 14 

Cu(hfac)2, 
Cu(hfac)(tmvs) 

TiN(poly) 
TiN(lOO) 

XPS, TPD, HREELS 15, 
16 

Cu(hfac)2 
Cu(hfac)2 

W,WOx 

TiN (poly) 
TiN(lOO) 
Ta(poly) 

XPS 
XPS, TPD 

17, 
18,19, 
20 

Notes: Techniques: RAIR=Reflection Absorption Infrared Reflectance 
Spectroscopy, HREELS=High Resolution Electron Energy Loss Spectroscopy, 
IDMS=Integrated Desorption Mass Spectroscopy, IR=Infrared Spectroscopy, 
XPS= X-ray Photoelectron Spectroscopy, TPD= Temperature Programmed 
Desorption 
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Cu(TKhfac)L 

Several reviews have been published since 1990 which summarize the different 

studies on Cu MOCVD using Cu(I)(hfac)L compounds (5,21,22). Cu(I) P-diketonates 

are reported to offer the advantages of low temperature and possibly high rate MOCVD 

(21,23,24) with no need for H2 or other reducing agents. Cu(I)(hfac)(vtms) is in liquid 

form in contrast to most Cu(I) and Cu(II) complexes. This makes the control of 

deposition, in terms of precursor delivery to the reactor, much easier for 

Cu(I)(hfac)(vtms). However, Cu(I)(hfac)(vtms) is relatively less thermally stable during 

storage compared to other precursors (21-24). 

XPS and FTIR experiments indicate that for Cu(I)(hfac)L adsorption on Cu 

(10,25), Ag (13,14) and TiN surfaces (15,16) proceeds via a Cu(I)hfac intermediate: 

(2.1) Cu(I)(hfac)Lg Cu(I)hfaca + Lg t 

In most cases, the ligand (L) desorbs from the reactive surface of the substrate well below 

300 K even under non-UHV conditions. Therefore, for all practical purposes, the final 

product for the initial adsorption of Cu(I)hfacL is Cu(I)(hfac)a. The strength of the Cu-L 

bond determines the temperature at which the dissociation reaction (Equation 2.1) 

proceeds. FTIR and TPD studies of Cu(I) precursors on Cu(100) (25) yielded activation 

energies for Cu-L bond dissociation ranging from 12.0 kcal/mole for vinyltrimethylsilane 

(vtms) to 28.0 kcal/mole for trimethylphosphine (PMe3). CVD studies of deposition from 

Cu(I)(hfac)L precursors in the 10"2 Torr pressure range (21,23) indicate that Cu(hfac)2 is a 
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Figure 2.2. Schematic diagram for the adsorption of Cu(I)(hfac)L on a reactive surface. 
The mechanism involves a disproportionation reaction which could occur between two 
adsorbed Cu(I)hfac species or between an adsorbed and a gaseous Cu(I)(hfac) specie. 

byproduct of the deposition reaction. This strongly suggests that the deposition reaction 

proceeds via a disproportionation reaction (Equation 2.2). 

(2.2) Cu(I)(hfac)a + Cu(I)(hfac)a -> Cu(0)a + Cu(II)(hfac)2 g t 

Several non-UHV studies (21,23) have confirmed that the main reaction 

mechanism for the reduction of Cu(I)(hfac)L to Cu(0) is the disproportionation reaction 

(Equation 2.2, Figure 2.2). It is noteworthy that XPS (15) studies of Cu(I)(hfac)(vtms) on 

TiN and FTIR studies of various precursors on Cu and Pd single crystals (10-12,25) have 

failed to directly observe the disproportionation reaction (Equation 2.2) under UHV 

conditions. 
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Cuflifac)? 

Among the Cu(II) complexes, Cu(hfac)2 has been the most widely used due to its 

high volatility, demonstrated ability to yield pure Cu films at low temperatures, 

commercial availability, and relative thermal stability (7,9,22,26). However, the high 

purity Cu films have been obtained only when the deposition is carried out in the 

presence of H2 (8,9,26). For Cu(hfac)2, the general equation for the deposition reaction 

is: 

(2.3) Cu(II)(hfac)2 +H 2 -+ Cu(0) + 2Hhfac. 

The hydrogen is necessary for the Cu reduction and removal of the decomposition 

products. 

MOCVD studies at low temperatures (T< 200 K) and under UHV conditions 

(Table 2.3) indicate that Cu(hfac)2 is adsorbed on metallic surfaces in the molecular form. 

RAIR experiments indicate that the spectrum of a physically adsorbed Cu(hfac)2 is 

essentially identical to that of a crystalline Cu(hfac)2 (10,11,12). The hfac ligands remain 

coordinated to the central Cu atom at this temperature. Upon warming to higher 

temperatures, some of the adsorbed Cu(hfac)2 may desorb as an intact molecule or they 

might undergo ligand dissociation. Based on TPD and XPS data, it has been shown that 

Cu(hfac)2 adsorbs dissociatively on Ag (13,14) and TiN (15,19) surfaces at T > 300 K 

according to: 

(2.4) Cu(II)(hfac)2 g -> Cu(I)(hfac)a + hfaca 
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Figure 2.3. Schematic diagram of the dissociation of Cu(hfac)2 on TiN and Ag surfaces 
after adsorption at 300 K or adsorption at low temperatures and heating to T > 300 K. 

These reports indicate that the initial chemisorption step involves electron transfer to the 

Cu(II) center (13,14) leading to the formation of Cu(I)hfac and hfac intermediates (Figure 

2.3). Such electron transfer does not occur for Cu(hfac)2 on SiC>2 (14). The occurrence 

of the initial electron transfer step on metallic surfaces and not on Si02 provides a 

microscopic explanation for early CVD results (27) which demonstrated selectivity on 

various metals and TiSi2, but not on Si02 or Si3N4. Girolami and co-workers (10,11,12), 

however, argued that the chemisorption of the Cu(hfac)2 on surfaces does not involve 

very stable Cu(I)(hfac) intermediates. Based on RAIR data, they suggested that upon the 

dissociative adsorption of Cu(hfac)2 on Cu and Pd surfaces at T > 200 K, the two hfac 

ligands completely dissociate from the central Cu atom. The conflicting studies with 

regard to the adsorption intermediate suggest that there are substantial differences on the 

adsorption of Cu(hfac)2 even for various types of metallic surfaces. 
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It is important to note that dissociation of Cu(hfac)2 (Equation 2.4) does not 

indicate the growth of a Cu metal film. Further heating (T > 300K) or exposure to 

reducing agents is required to produce Cu(0) and to remove the decomposition products. 

Non-UHV CVD studies (28) detected a zero-order rate dependence on [Cu(hfac)2], which 

indicates that the film growth occurs via a chemisorbed intermediate. These same studies 

detected a positive growth rate dependence on [H2], the carrier gas. Furthermore, the 

growth rate is retarded by the addition of Hhfac to the gas stream. These data strongly 

suggest that the rate-determining step for the deposition is the hydrogen-induced removal 

of the adsorbed hfac from the surface. XPS studies (13) of Cu(hfac)2 adsorption on Ag 

led to the proposal of a reaction mechanism which involves the dissociation of Cu(hfac)2 

to Cu(I)hfac + hfac (Equation 2.4) and the following reaction steps: 

(2.5a) H2 -> Ha + Ha 

(2.5b) Ha + hfaca —» Hhfacg T 

(2.5c) Cu(I)hfaca + Ha -> Cu(0) + Hhfacg t 

This mechanism explains the observed effects of H2 and Hhfac on the film growth rate, 

and also the fact that in general it is necessary to carry out the deposition process in the 

presence of H2 in order to obtain Cu films of high purity (6,26). Other workers (6,29) 

have proposed that Cu(I) —» Cu(0) reduction actually proceeds by the disproportionation 

(Equation 2.2) of the adsorbed Cu(I)(hfac) intermediates. The issue is one of 
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considerable technological importance, since a disproportionation reaction implies that 

only 50% of the precursor, at best, will be converted into a Cu film. The 

disproportionation reaction of Cu(I)hfac species was not observed during detailed XPS 

studies of Cu(hfac)2 interaction with an oxidized TiN surface (15). It has been suggested 

that the disproportionation reaction occurs, if at all, only at higher reactant concentrations 

than can be achieved in UHV (15). However, as will be discussed in Chapter 3, XPS 

results (19) (vide infra) have been obtained which demonstrate that disproportionation 

reaction does in fact proceed on TiN surfaces. The reaction is in concert with the 

volatilization of the adsorbed hfac by atomic hydrogen. This indicates that the 

volatilization of hfac (Equation 2.5b) is indeed the rate determining step in the MOCVD 

of Cu from Cu(hfac)2, explaining observations of growth rate dependence on [H2] (29). 

Selective Adsorption of Cu(I) and Cu(II) Complexes 

As mentioned in Chapter 1, one potential advantage of MOCVD over other 

techniques is selectivity. By selective deposition, Cu films can be grown only onto 

designated substrates. This provides fewer processing steps and thus would have 

potential in improving the efficiency of the overall IC manufacturing process. The 

selective deposition using Cu(I) and Cu(II) p-diketonates has been reviewed extensively 

(5,30). There are large inconsistencies in the published literature with regard to selective 

deposition of Cu using Cu(hfac)2 (31). This could have been brought about by the 

differences in the surface preparation of the substrates and the presence of contaminants 

or other reactive gases on the deposition chamber. The pressure of the carrier gas and the 
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temperature of the substrate would also significantly affect the selectivity of Cu 

precursors. 

As pointed out above, Cu(hfac)2 affords selective deposition since the initial 

chemisorption step involves substrate-to-Cu(II) electron transfer (Equation 2.4). This 

occurs for metal surfaces (13,14,15,19) and silicides (27), but not for SiC>2 (13,14,27) or 

SiaN4 (27). However, modification of the SiC>2 surface with isopropanol induces loss of 

selectivity (32). Protonation of the ligand appears to be involved (32). An interesting 

point is that alcohols with a-hydrogens readily promote loss of selectivity, but H2O, 

acetone, and t-butanol have little or no effect (32). It is not known whether OH groups at 

the SiC>2 surface might also induce nucleation of Cu from Cu(hfac)2/H2 mixtures. XPS 

studies (14) of Cu(hfac)2 deposition on OH-terminated SiC>2 indicate that no precursor-

substrate interaction occurs under UHV conditions. LPCVD studies, however, indicate 

an increased reactivity towards SiC>2 in the presence of H2O (27). Selective deposition of 

Cu from Cu(hfac)2/H2 in non-UHV conditions has been reported for a variety of 

substrates patterned on Si02 (27,31). However, one report did note the presence of Cu 

nuclei at scratches in the Si02 surface (31). It is therefore apparent that selective 

deposition of Cu(hfac)2 is sensitive to the surface condition of SiC>2. Moreover, it was 

reported (31) that deposition temperature is the most important factor in the loss of 

selectivity on SiC>2 surfaces. 

The selective deposition of Cu from Cu(I)(hfac)L precursors is also sensitive to the 

state of Si02 surface hydroxylation, as well as to the strength of the Cu-L bond. XPS 
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studies (14) of the chemisorption of Cu(I)(hfac)(l,5-COD) on OH-terminated SiC>2 reveal 

that protonation of the hfac ligand occurs: 

(2.7) Cu(I)(hfac)(l,5-COD)+Si-OH Si-0-Cu(I)Y + Hhfacg 

Y is a hydrocarbon impurity related to the decomposition of either 1,5-COD or hfac (14). 

FTIR studies (25) of the Cu(I)(hfac)(vtms) reaction with high surface area silica indicate 

that hydrogen-bonded OH groups, rather than isolated surface OH species, are reactive 

towards the Cu precursor. The same studies reported hydrogen bonding interactions 

between silica and Cu(I)(hfac)(PMe3), but such interactions are apparently too weak to 

cause dissociation of the precursor. The greater bond strength of Cu-PMe3 compared to 

Cu-(1,5 COD) (25) may therefore be the reason for the observed greater selectivity of the 

trimethylphosphine compound. 

The apparent sensitivity of Cu(I) and Cu(II) precursors to the state of Si02 surface 

hydroxylation is of considerable concern since industrial MOCVD conditions generally 

preclude rigorous monitoring and control of the Si02 surface composition. This question 

has been addressed (33,34) by the use of (CH3)2SiCl2 to passivate OH sites at the Si02 

surface. Such hydroxyl groups are passivated by hydrogen bonding to methyl-chloro-

silanes, and reaction of Si02 with liquid phase (CH3)3SiCl prior to MOCVD does 

maintain selectivity for a short time (33,34). Loss of selectivity does occur, however, 

with the consequent desorption of the hydrogen-bonded species from the surface hydroxyl 

groups. This problem is avoided by the introduction of gaseous (CH3)2SiCl2 during the 
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MOCVD process (33,34). These results suggest that a similar treatment might enhance 

selectivity during the MOCVD of Cu(hfac)2. 

Effects of Plasma/Atomic Hydrogen on Cu MOCVD 

The use of carrier gases for Cu(hfac)2 deposition has been studied for some time 

(28). In general, to obtain acceptable Cu film growth rates, higher temperatures are 

needed when inert carrier gases are used (9). Conversely, for a fixed deposition 

temperature, higher growth rates are obtained when H2 is used. As previously mentioned, 

deposition in H2 or an IVAr mixture is required in order to obtain clean films with low 

resistivity and excellent microstructure (9,35). In recent years, interest has also increased 

in the use of plasmas to assist the Cu MOCVD process (26,36,37,38). Motivations for 

the use of activated gases generated by hot filaments or by plasmas in MOCVD include 

enhanced deposition rates, increased bulk and interfacial purity, and film deposition at 

low substrate temperatures (36,37,38). Cu films have been deposited using Cu(acac)2 and 

Ar-H2 plasmas (36), and using solvated Cu(hfac)2 and H2 plasmas (26). The deposition 

of pure films (as determined by RBS or electrical resistivity) has been accomplished on a 

variety of substrates at temperatures as low as 450 K (26,37). However, plasma-assisted 

CVD has disadvantages also. These include possible plasma-induced substrate damage 

and loss in substrate selectivity (39). Thus, many studies recently have been focused 

instead on using remote plasma sources (37) or pure atomic hydrogen generated from hot 

filaments (39). 

Very little work has been reported to elucidate the role of plasma-enhanced 
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processes in the mechanism of Cu CVD (9). The majority of studies on PACVD do not 

discuss directly the role of the plasma but emphasize mainly the importance of H2 and 

substrate temperature in suppressing carbon and oxygen contamination. The role of 

atomic hydrogen generation in the plasma as a means of significantly increasing the rate 

of Hhfac desorption (Equation 2.6b) is however, pointed out in many of the studies (35). 

In view of the demonstrated potential of PACVD for depositing clean films at much 

lower temperatures and the need for more UHV studies, XPS studies of atomic hydrogen 

and Cu(hfac)2 interactions with TiN surfaces have been carried out in our laboratory 

(18,19). The results are discussed in Chapters 3 and 4. 

Solvent Effects on Copper MOCVD 

Various solvents have been examined for use with both Cu(I) and Cu(II) p-

diketonate (40,43) precursors. The interest in Cu precursors dissolved in aqueous or 

alcohol solutions originated primarily due to problems with precursor volatility and 

transport to the surface (41). However, it is now apparent that H2O and perhaps some 

other protonating solvents may enhance the film growth rates through the volatilization of 

the adsorbed hfac from the surface (40). Several studies (34,42) have also reported that 

addition of H20 to the conventional CVD system not only increases the deposition rate 

but also improves the overall film surface morphology and electrical resistivity. 

A principal motivation in the case of Cu(hfac)2 and solid Cu(I) precursors is to 

create a liquid precursor to facilitate control of flow rates during the deposition process 

(41). Cu(hfac)2 reacts at a slow rate with H20 in solution, complicating its use as a 
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solvent. However, isopropanol and various other alcohols coordinate reversibly with 

Cu(hfac)2 in solution (40,43). This results in enhanced delivery of the precursor to the 

substrate, with apparently little effect on subsequent surface reactions (40). This last 

result should be regarded with some caution, however, since the FTIR studies were 

carried out in the gas phase or on Cu substrates. The ability of alcohols to enhance the 

reaction of Cu(hfac)2 with SiC>2 surfaces (32) suggests that Cu(hfac)2-based selective 

deposition processes may be strongly affected by the use of an alcohol solvent. Although 

the higher reactivity towards Cu(hfac)2 of H2O relative to alcohols motivates against its 

use as a solvent (40), H2O is effective at protonating hfaca from Cu surfaces. This 

facilitates the formation of Cu(0) and the enhancement of the purity of the growing Cu 

film. It has been suggested (38,40) that H2O be considered as an alternative to H2 for a 

Cu(hfac)2 reducing agent, but not as a solvent. An obvious hazard of this approach is, of 

course, the incorporation of small amounts of oxygen (i.e. formation of CU2O) in the Cu 

film. Resolving this issue would seem a prerequisite to the use of H2O instead of H2 in 

Cu(hfac)2-based MOCVD. 

H2O and alcohols have also been investigated for use as solvents of solid Cu(I) 

precursors, such as Cu(I)(hfac)(PMe3), Cu(I)(hfac)(COD) and Cu(I)(hfac)vtms (40). 

Mass spectrometry studies of vapors from Cu(I)(hfac)(PMe3)/ethanol mixtures suggest 

the formation of Cu(I) ethanolate species; [Cu(I)(hfac)(EtOH)]+. Since Cu(I) precursors 

can be used to deposit clean films in the absence of H2, these results suggest that Cu(I) 

precursors solvated in ethanol can be used to deposit clean films at enhanced rates (40). 
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In the CVD studies (44) carried out using Cu(I)(hfac)(vtms)/H20 mixtures, the liquid 

precursor was transported to the chamber using H2 or N2 as a carrier gas with water vapor 

added to the precursor-carrying gas just prior to entry into the deposition chamber (44). 

Since the amount of precursor entering the deposition chamber was assumed to be 

independent of H2O partial pressure, the observed increase in the deposition rate was 

attributed to an enhanced conversion efficiency of precursor into Cu film (44). 

Microscopy studies also indicated that optimum water pressures enhance film densities 

(44). However, at higher partial pressures (above 0.2 Torr; 0.5 Torr chamber pressure), 

oxygen incorporation into the film was observed (44). This study indicates H2O can 

substantially enhance reaction rates for reasons unrelated to precursor transport to the 

surface. Excessive water vapor concentrations, however, can result in oxygen 

incorporation. Apparently, a processing window exists for the use of H2O to enhance the 

blanket deposition of clean copper films from Cu(I) as in Cu(II) precursors. 

TiN and Ta as Substrate Materials for Cu MOCVD 

Interactions between the Cu overlayer and the substrates for diffusion/adhesion 

layers have received somewhat less attention than has the chemistry of the deposition 

process itself. A majority of the published studies on Cu-precursors interactions have 

involved TiN. Although a variety of materials are potential diffusion/adhesion layers for 

Cu (45,46), TiN is used in more studies because it is already employed in various aspects 

of current metallization schemes. TiN films offer combined properties of high melting 

point (bulk MP 2930°C), excellent mechanical properties, extreme corrosion resistance, 
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low resistivity (bulk resistivity of 22 (j-Q-cm"1) and good thermal stability (47). Aside 

from its applications in microelectronic devices, TiN films are increasingly being used in 

other applications such as hard coatings for machining and cutting tools, as decorative 

coatings because of their gold-like surfaces, and as wavelength-selective transparent 

optical devices (48). TiN films have been deposited by a variety of PVD and CVD 

techniques (49,50,51). The growth technique and deposition parameters often affect 

significantly the resulting microstructure (grain size, columnar vs. equiaxed structure, 

void density), electrical resistivity and film purity. As a result, the reported values for 

temperature for Cu diffusion on TiN films varies over a wide range (45,46). In most 

cases, TiN thin films have been found to be stable as a diffusion barriers for Cu to 

temperatures above 700 K (46). RBS studies have demonstrated that the performance of 

TiN films as diffusion barriers is sensitive to both film microstructure and oxygen content 

(51,52). Cu diffusion in polycrystalline TiN is dominated by movement along grain 

boundaries (52). Apparently, the oxygen (and possibly hydrogen and nitrogen) "stuffing" 

along these columnar grain boundaries is important in preventing Cu diffusion (52,53,54). 

Therefore, many studies have pointed out concerns regarding the possible removal of the 

essential oxides if TiN films are sputtered or plasma-etched for interfacial cleaning prior 

to Cu deposition. XPS results (19) which are discussed in Chapter 3 and 4, indicate that 

some oxygen (part of Ti02 surface layer) is indeed removed by exposure of the TiN 

polycrystalline surfaces to atomic hydrogen. Although such oxygen-etching does not 

appear to significantly alter the properties of TiN as a diffusion barrier. 
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Tantalum is of interest as a diffusion barrier layer because of its refractory nature, 

relative high melting point, and thermodynamic stability with Cu (55). Reviews of 

diffusion studies (45,46) have indicated that Ta and most of its compounds (TaN, TaxSiy, 

TaxSiyNz, etc.) are the most promising diffusion barriers for ULSI. Temperatures at which 

Cu has been reported to begin to diffuse through the Ta layer vary widely (45,46). The 

discordant values have been attributed to differences in the methods used for layer 

deposition. In addition, studies of films sputter deposited under UHV and HV conditions 

(52) demonstrate that a critical factor in the diffusion barrier stability is the level of 

impurities, chiefly hydrogen and oxygen, incorporated in the Ta film during deposition. 

These impurities hinder grain boundary diffusion, the principal mode of Cu diffusion at 

temperatures relevant to microelectronics processing (<1000 K). A recent comparative 

study (55) between Ta and Nb thin film layers, indicates that Ta has a higher diffusion 

temperature failure than Nb because of the higher oxygen segregation in the grain 

boundaries of Ta. Chemical interfacial reaction between the Ta and the Si (formation of 

TaSi2) is demonstrated to be a competing mechanism for the failure of the barrier above 

1000 K (56). The properties of Ta as a passivation/encapsulant (anti-corrosion) barrier have 

been recently reported (57, 58). Ta is superior to TiW and Ti as a protective encapsulation 

barrier against Cu oxidation in humid environments (57). The recent study (58) on the 

oxidation of Ta thin films deposited on Cu as passivation layer indicates small outdiffiision 

of Cu through the Ta layer. However, the Ta film (500 A) is still an effective passivation 

layer preventing Cu oxidation until all of the Ta layer has been consumed first (58). 
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There are no detailed UHV studies of Cu precursor interactions with Ta surfaces. 

However, there is a reported study of low pressure-CVD of Cu(hfac)2 on Ta (59). 

Cu(I)(hfac)(l,5-COD) has been found to be unreactive on Ta20s under UHV conditions 

(59). Corresponding studies of reactions at Ta or Ta sub-oxide surfaces have not been 

reported. The chemical interaction between the Cu precursor and Ta substrate, and how 

such interactions are affected by surface oxygen and other contaminants, critically impacts 

Cu-substrate adhesion and nucleation. For these reasons, XPS and TPD studies of 

Cu(hfac)2 interactions with Ta have been initiated in our laboratory (20). Details of the 

experiments and the results are discussed in Chapter 5. 
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CHAPTER 3 

ATOMIC HYDROGEN CLEANING OF A TITANIUM NITRIDE SURFACE 

Introduction 

Atomic hydrogen was used as an in-situ precleaning for removal of hydrocarbon 

and carbide contamination from the surface of partially oxidized titanium nitride (TiN) 

under ultra-high vacuum conditions. This chapter presents X-ray photoelectron 

spectroscopy studies which indicate that the atomic hydrogen-induced removal of 

hydrocarbons occurs readily while that of carbides occur at a slower rate. No significant 

effects are observed for O and N although some reduction of TiN is observed. The overall 

results suggest that atomic hydrogen can be used for removing contamination from TiN 

substrates without affecting the integrity of the substrate. 

Considerable attention has been focused on the use of atomic hydrogen to induce 

reactions at surfaces (1,2). The reactivity of atomic hydrogen has been attributed to the 52.1 

kcal/g-atom (2.26 eV) of additional potential energy which it bears compared to its energy 

in the molecular hydrogen form (2). The use of atomic hydrogen as an in-situ process for 

removing carbon from the surfaces of GaAs has been reported (3,4). Studies of atomic 

hydrogen interactions with adsorbed hydrocarbon molecules on metals have also been 

reported (1,5). However, relatively little attention has been paid to the interaction of atomic 

hydrogen with other materials commonly associated with multilevel microelectronics 



53 

fabrication. This is an important area for in-situ cleaning, since relatively small amounts of 

contaminants can induce device failure in highly integrated devices. Furthermore, the 

increasing popularity of hydrogen-plasma (which has atomic hydrogen as a main 

component) enhanced chemical vapor deposition (6) for multilevel metallization mandates a 

knowledge of the effects of atomic hydrogen 011 the surface structure and chemical 

composition of substrate materials. Use of hydrogen plasma has found significant 

application in the effective removal of native silicon oxide and adventitious hydrocarbons 

from silicon wafers (7). A review of the use of atomic hydrogen as a reagent to induce 

surface reactions on Si surfaces under UHV conditions has been published (8). However, 

there have been no reported studies on the interaction of atomic hydrogen with TiN surfaces 

under UHV conditions. 

As mentioned in the earlier chapters, TiN is currently used in modern 

microelectronics fabrication as a diffusion barrier/adhesion promoter layer for both 

aluminum and copper metallization (9). The interaction of a TiN surface with a hydrogen 

plasma in the course of chemical vapor deposition of A1 has previously been reported (10). 

Ti(2p) XPS spectra indicated the reduction of some Ti(IV) to a metallic state, suggesting 

oxygen removal (10). This is potentially a serious problem, since diffusion studies 

(11,12,13) have shown that oxygen within the surface region of TiN is required to prevent 

grain boundary diffusion of Cu. However, the situdies presented in this chapter indicate that 

no significant change in either N or O composition occur within the surface region after 

exposure to atomic hydrogen. The observed reduction of some Ti to the lower oxidation 
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states was attributed to the removal of surface carbides and perhaps a thin native oxide 

overlayer rather than the substantial reduction of stoichiometric oxide. 

Experimental Method 

The experiments were performed in a turbomolecularly-pumped stainless UHV 

system (Figure 3.1) with base pressure after bakeout of less than 7 x 10'10 Torr. Typical 

operating pressures were between 7 x 10"10 and 4.0 x 10"9 Torr. X-ray photoelectron spectra 

were acquired using an unmonocbromatized MgKa source operated at 15kV and 300 W 

and a hemispherical electron energy analyzer (Physical Electronics XPS system, Model 04-

161) operated with a constant pass energy of 50 eV. The sample used for the experiments 

consisted of a polycrystalline TiN film of 1000 A thickness and formed by sputter 

X-ray Source 

XPS Hemispherical Analyzer 

Ion Sputter Gun 

Gas Doser 
Sample 

Mass 
Spectrometer 

Vacuum 
Pump 

Figure 3.1. Schematic diagram of the UHV chamber which was used for the XPS and 
MOCVD studies. 
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deposition on a Si substrate. The TiN samples were provided by Texas Instruments, Inc. 

The TiN sample was rinsed with acetone followed by ethanol before placing it inside the 

UHV chamber. The sample was mounted with good thermal contact to a tantalum holder 

and was attached to the manipulator set-up. The temperature of the sample on this set-up 

was varied between 115 K and 1600 K by combination of liquid nitrogen cooling and 

resistive heating of the sample. Sample temperature was monitored by a chromel-alumel 

thermocouple spotwelded to the back of the sample holder. 

Atomic deuterium was produced by flowing deuterium gas (99.7 % purity) over a 

heated tungsten filament (14). Deuterium gas was admitted to UHV through a stainless 

steel doser tube. The tungsten filament was mounted at the end of this doser tube and was 

heated to 2200 K by direct current heating. The pressure in the UHV chamber was 

monitored using a nude ionization gauge calibrated for dinitrogen. The distance from the 

heated filament to the sample (approximately 10 cm) was sufficiently large as to negate 

effects due to directional dosing. The relative concentration of atomic to molecular 

deuterium (D/D2) was monitored using a quadrupole mass analyzer (UTI model 100c) to 

measure the relative intensities for the 2 amu and 4 amu peaks in the mass spectrum. 

Typical exposures were carried out at total chamber pressure between 1 x 10"5 - 5 x 10"5 

Torr, where the contribution to the 2 amu peak from ambient H2 was negligible. The 

background intensity at the 2 amu setting due to dissociation of molecular deuterium within 

the mass spectrometer was measured before supplying current to the tungsten filament, and 

was subtracted from the total amu 2 intensity. These measurement techniques indicate a 
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total D/D2 ratio of approximately 0.3, giving a flux of approximately 30% atomic 

deuterium. This dissociation value had also been determined previously by directing the 

stream of D/D2 directly into a mass spectrometer. The agreement between the mass 

spectrometer measurements with and without line-of-sight indicates that the heated filament 

was a non-directional source of atomic deuterium, and that recombination rates at interior 

chamber surfaces were not sufficient to cause a noticeable difference between the two 

measurement methods. 

The XPS data were analyzed using commercially available software (15) developed 

for non-linear curve fitting. Shirley (non-linear) background subtraction was adopted for 

the removal of secondary electron background (17,18). In the Shirley method, the 

background intensity at a point is determined, by iterative analysis, to be proportional to the 

intensity of the total peak area above the background and to the higher energy (17,18). This 

method also assumes that each unscattered electron is associated with a flat background of 

losses (18). To correctly measure the area of spectral peaks, the energy range of the 

spectrum (i.e. Emax and E,ni„) was first determined and was fixed in a consistent manner for 

comparing different spectra of the same element. The enery range points were then fitted 

using a sigmoidal function. The background corrected XPS spectra were fitted using 

Voight functions (convolutions of Lorentzian with Gaussian functions) (16). The 

parameters used to define a single peak include the binding energy (peak center, C), peak 

width (W), and peak height or amplitude (H). Any of the peak parameters can be 

individually fixed to a preset value or left free to vary during the curve-fitting. The initial 
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set of peak parameters were first assigned using values obtained from XPS handbook (19) 

and published literature. The parameters were then modified manually until the fitted 

spectrum and the experimental spectrum were very close to each other. The spectrum was 

then fitted by the computer program. However, to prevent obtaining irrational results, the 

parameters were never varied at the same time within a computer fitting routine. For 

example, the spectrum was first fitted with a fixed binding energy (C) while the other 

parameters (W and H) were allowed to vary. After obtaining improved results, the 

spectrum was fitted again with fixed W and allowing C and H to freely vary. This process 

was repeated until the best fit for the spectrum was obtained. The peak areas derived from 

the curve fitting procedure were then used as measure of peak intensity. 

Results and Discussions 

Figure 3.2a shows the carbon Is XPS spectrum generated for an annealed (450 K) 

TiN surface without in-situ cleaning. The peak at 285 eV is attributable to hydrocarbon 

and/or graphite contamination of the TiN surface (19). Intensity at 288 eV is due to oxy-

carbon species (20). To examine the effects of atomic deuterium, the sample was exposed 

to the flux of atomic deuterium for 10 minutes at a total pressure of 3.5 x 10"5 Torr. The 

TiN substrate temperature was maintained between 400K and 500 K during dosing. The C 

(Is) XPS spectrum after atomic hydrogen exposure is shown in Figure 3.2b. Analysis and 

comparison of Figures 3.2a and 3.2b indicate that 80 percent of the carbon atomic 

concentration has been removed from the surface. Furthermore, the peak in Figure 3.2b 

shifts from 285 eV to 284 eV. This result strongly indicates the removal of most surface 
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hydrocarbon species. The shift of the C(ls) peaks to lower binding energies suggests a 

slower removal for surface carbides. Additional exposure of the sample to atomic deuterium 

for 10 more minutes under the same conditions as before removes almost all the carbon 

from the sample surface (Figure 3.2c). 

It is inferred from these results that the atomic hydrogen reacts with carbon on the 

surface to form volatile hydrocarbons which desorb. Studies of hydrocarbon/atomic 

hydrogen interaction on Cu surfaces (1,5), indicate that the atomic hydrogen reacts with the 
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Figure 3.2. C (Is) XPS spectrum of a TiN surface (a) before and (b?c) after 600 and 1200 
seconds exposure to flux of D/D2. 
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hydrocarbon contamination on the TiN surface via an Eley-Rideal process. This implies that 

the adsorbates on TiN react directly with the gas-phase atomic hydrogen species before the 

atomic hydrogen becomes thermally accommodated on the surface. These hydrocarbons 

desorb below 500K from the TiN surface, thus leaving the surface carbon free. The trace 

amounts of carbon remaining on the surface (Figure 3.2c) can be attributed to the 

contamination in the chamber since a 40 minute wait was required to pump the chamber 

down from 10"5 Torr to pressures where XPS data could be obtained (10"8 Torr). 
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Figure 3.3. Effects of atomic vs. molecular deuterium exposure on surface carbon: (a) 
TiN surface heated to 500 K in UHV; (b) the same surface after exposure to molecular 
deuterium; (c) after exposure to atomic deuterium. 
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To investigate the possible effects of heating and of molecular deuterium on the 

observed removal of surface carbon, a TiN sample was heated to 500 K in UHV (Figure 

3.3a) and then exposed to molecular deuterium (pressure 1.5 x 10"5 Torr, tungsten filament 

at 300K) (Figure 3.3b). The results shown in Figure 3.3b indicate no significant change in 

C (Is) intensity due to heating in either UHV or in the presence of molecular deuterium 

(Figure 3.3b). Significant removal of carbon was only observed in the presence of atomic 

deuterium (Figure 3.3c). Identical results were obtained for several samples. These results 

verify that the observed removal of surface carbon is due specifically to exposure to atomic 

deuterium. Analysis of the relative peak intensities of N, O and C as a function of atomic 

hydrogen exposure is presented in Figure 3.4. The data in Figure 3.4 show that there is an 

increase in N (Is) intensity coupled with a decrease in C (Is) intensity. The increase in N 

(Is) intensity is therefore ascribed to the removal of the contaminant carbon overlayer 

which would otherwise attenuate N (Is) intensity. This conclusion is supported by the fact 

that the N (Is) spectra showed no significant change in peak shape or binding energy, 

indicating no chemical effects at N sites on the surface (13). The substantial decrease in C 

(Is) intensity, coupled with minor residual C(ls) intensity at higher deuterium exposures 

(Figure 3.4) is indicative of removal of the contaminant carbon surface layer coupled with 

some re-adsorption of very low levels of carbon from the ambient UHV environment. In 

view of these results, the lack of change in the O (Is) intensity is somewhat puzzling, since 

there is no evidence of substantial oxide etching due to atomic deuterium. A possible 

explanation is that some etching of a native oxide overlayer does occur, but the etching of 
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highly coordinated oxides does not. Ti (2p) XPS data (Figure 3.5) indicate that exposure to 

atomic hydrogen causes reduction of some Ti(IV) to Ti(II). These results are essentially 

similar to those reported by Kawamoto, et al. (10) upon exposure of TiN to a microwave-

generated hydrogen plasma. 

The results of Figure 3.4 demonstrate overall some Ti reduction is occurring, but 

this reduction does not result in a significant depletion of the oxygen or nitrogen content of 
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Figure 3.4. Variations in N(ls), O(ls) and C(ls) XPS intensities from a TiN surface as a 
function of exposure to atomic deuterium. Sample temperature was 400 K during 
deuterium exposure. 
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Figure 3,5. Changes in Ti(2p) spectra as a function of exposure of a TiN surface to atomic 
deuterium. 

the surface region of the film. The addition of oxygen to TiN is important for maintaining 

diffusion barrier properties (11). Therefore, the results shown in Figures 3.4 and 3.5 

suggest that exposure of a TiN surface to a flux of atomic hydrogen should not degrade its 

diffusion barrier properties. 

In order to assess the ability of atomic hydrogen to remove interfacial organic 

contaminants during MOCVD applications, a cleaned TiN surface was exposed to 
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Cu(hfac)2 at 115 K (exposure of 8 x 10"8 Torr for 600 sec), and then heated to 450 K 

(approximately the sample temperature reported for successful hydrogen-plasma assisted 

deposition (6)), while being dosed with 3.5 x 10"5 Torr of molecular deuterium. Cu(2p) 

and (LVV) spectra (shown and discussed in detail in Chapter 4) indicate a reduction of the 

Cu(II) to Cu(I) state by 450 K, while the C(ls) spectrum (Figure 3.6) indicates the presence 

of largely intact hfac ligand on the surface. These results are similar to those previously 

reported for Cu(hfac)2 deposition on A1 (21) and W (22) surfaces. 
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Figure 3.6. C(1 s) spectra after exposure of a cleaned TiN surface to Cu(hfac)2: (a) after 
initial deposition at 115 K under UHV conditions; (b) after exposure to molecular 
deuterium, (c) after exposure to atomic deuterium. 
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Exposure of the Cu/hfac adsorbate layer to molecular deuterium at 450 K (Figure 

3.6) has little effect on the hfac species. However, a brief exposure to atomic deuterium 

(Figure 3.6) results in the removal of most of the surface organic species. The 

corresponding Cu Auger (L3 W ) spectrum (not shown) indicates a shift in binding energy 

consistent with reduction to Cu (0) (20). The total remaining C (Is) intensity is 

approximately equal to that observed prior to Cu(hfac)2 exposure (Figure 3.6), and is 

attributed largely to contamination from the background atmosphere in the chamber at 

pressures in excess of 1 x 10"9 Torr. The above results strongly suggest that Cu MOCVD 

either in the presence of atomic hydrogen or a hydrogen plasma has the potential for 

producing a substrate-film interface free of organic contamination. Atomic hydrogen may 

also affect film nucleation behavior and patterns of selectivity. A more detailed account of 

atomic-hydrogen assisted Cu deposition is discussed in the next chapter. 

Summary and Conclusions 

Atomic deuterium has been demonstrated to be useful in removing adventitious 

carbon contamination from an oxidized TiN surface without significant effects on the 

surface composition. It has also been demonstrated that atomic deuterium can be used to 

remove organic moieties during metal organic chemical vapor deposition (MOCVD). Since 

atomic hydrogen is the principal component of a hydrogen plasma, studies such as this will 

supply essential information concerning the effects of such treatment on substrate and 

interfacial cleanliness and composition. Further studies are required to understand the 

effects of atomic hydrogen on surface oxides. A study of interactions with a single crystal 
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of CU2O (22) concluded that a copper hydride was formed without significant removal of 

surface oxygen. It may be that highly defective oxides are more susceptible to etching than 

the stoichiometric oxide on surfaces. This would have important implications for atomic 

hydrogen removal of native oxides from silicon oxide or metal oxide substrates. 

There are concerns with regard to the possible retention of hydrogen by films 

exposed to atomic hydrogen. It is noted that CoSi2 and other materials display enhanced 

effectiveness as diffusion barriers to Cu when annealed in hydrogen (9). This may be a 

result of hydride formation, or due to changes in microstructure induced by hydrogen 

annealing process. However, the substrate capture of atomic hydrogen and its subsequent 

release during annealing may also contribute to the stress degradation of metal overlayers. 

Therefore, this issue is of potential significance to both atomic hydrogen and plasma 

assisted processing methods. 
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CHAPTER 4 

XPS AND TPD STUDIES OF COPPER MOCVD 

ON TITANIUM NITRIDE SURFACES 

Introduction 

This chapter present the studies of the interaction of Cu(hfac)2 with TiN surfaces 

during Cu MOCVD under ultra-high vacuum conditions. The XPS studies (1) show that 

Cu(hfac)2 adsorbs onto a partially oxidized TiN surface as an adlayer of Cu(I)(hfac) and 

hfac species at 450 K. Exposure of the adsorbed species to a flux of D/D2 results in the 

volatilization of the organic moieties and the reduction of Cu(I) to Cu(0) with concurrent 

removal of 50 % of the Cu atoms from the surface. These results indicate that the reduction 

involves a disproportionation reaction of the adsorbed Cu(I) species to yield adsorbed Cu(0) 

and a volatile Cu(II) specie. The disproportionation reaction does not occur in the absence 

of atomic hydrogen and volatilization of the adsorbed hfac. Combined TPD and AES 

results indicate that in the absence of atomic hydrogen exposure a recombination of the 

reaction intermediates of Cu(hfac)2 occurs. This recombination prevents the Cu(0) 

formation on the TiN surface. 

As mentioned in the previous chapters, the use of atomic hydrogen during Cu 

deposition on TiN is of interest because Cu-organometallic interactions with various 
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substrate materials often result in significant organic contamination of the Cu-substrate 

interface (2,3,4). This problem of interfacial contamination is due to the fact that substrate 

materials are more reactive towards C-0 bonds than to Cu. Such interfacial contamination 

can result in high contact resistance even when the bulk purity of the Cu film yields low 

sheet resistance. Therefore, it is desirable to find a method for volatilizing organic remnants 

from a variety of substrate surfaces without degrading desirable chemical or physical 

properties of the substrate. As pointed out in the previous chapters, hydrogen plasma-

enhanced CVD can be used to deposit Cu films of high bulk purity on a variety of 

substrates. Moreover, use of atomic hydrogen has been demonstrated to effectively remove 

both adventitious contaminants and hfac species from a TiN surface (Chapter 3 and ref. 5). 

Detailed accounts of the interaction of atomic hydrogen with both the TiN substrate and the 

adsorbed Cu(hfac)2 are presented here. The results show that atomic hydrogen-assisted Cu 

MOCVD has the potential for Cu deposition at low temperatures while inhibiting organic 

contamination at the Cu/substrate interface. The results also indicate that use of atomic 

hydrogen before and during the MOCVD process does not significantly affect the diffusion 

properties of the TiN substrate. 

XPS Studies 

Experimental Method 

The XPS experiments were carried out in a turbomolecularly pumped stainless steel 

ultra-high vacuum system (Figure 3.1; described in Chapter 3) with a base pressure after 

bakeout of 7 x 10"10 Torr. Typical operating pressures were between 7 x 10"10 Torr and 4 x 
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10"9 Torr. Pressure within the chamber was monitored by a nude ion gauge calibrated for 

dinitrogen. XPS spectra were acquired using MgKa radiation and a hemispherical analyzer 

operated with a constant pass energy of 50 eV. The sample consisted of a polycrystalline 

TiN film of 1000 A thickness which was sputter-deposited on a Si substrate. The sample 

was mounted with good thermal contact to a Ta sample holder. The temperature of the 

sample on the holder could be varied between 115 K and 1600 K by a combination of liquid 

nitrogen cooling and resistive heating of the holder. Sample temperature was monitored by 

a chromel-alumel thermocouple spotwelded to the back of the sample holder. Although this 

arrangement obviously allows for some difference between actual surface temperature and 

that recorded at the thermocouple, this difference was minimized by using long annealing 

times (typically 10 minutes or longer) to achieve thermal equilibrium. 

As discussed in the experimental section in Chapter 3, atomic hydrogen was 

generated by passing D2 over a heated tungsten filament (2200 K) within the UHV 

chamber. The filament was mounted at the end of a stainless steel doser tube, and the flow 

of D2 was regulated by a manual leak valve. The Cu(hfac)2 sample, obtained from a 

commercial source, was in a hydrated form. The sample was contained in an evacuated 

pyrex tube connected to the UHV chamber through a second manual leak valve. To remove 

the complexed water, the Cu sample was heated at 353 K (80° C) while under a mild 

vacuum (~10"3 Torr) until the appearance of the powder turned from green to dark gray. 

Water and other reciystallization solvents had been reported to dissociate from the 

Cu(hfac)2 upon heating of the material by 335 K (62° C) (6). In order to minimize 
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decomposition of the Cu(hfac)2, the path to the UHV chamber was kept as short as possible 

and kept at a temperature of 353 K (80 °C) during dosing. No carrier gas was used for the 

transport of the precursor vapor into the UHV system. The Cu(hfac)2 exposures are reported 

here in terms of background pressure x time of exposure (one Langmuir (L) = 10"6 Torr-sec) 

and have not been corrected for directional dosing or ion gauge sensitivity. The ion gauge 

was mounted out of direct line-of-sight with the sample surface. XPS studies of organic 

adsorbates indicated no observable ion gauge-induced decomposition over a period of 

several hours. 

XPS spectra were analyzed using commercially available software (7) for nonlinear 

curve fitting. Voight functions (convolutions of Lorentzian and Gaussian functions) (8) 

were used to fit peaks in the XPS spectra. A sigmoidal function was used for the removal 

of the secondary electron background (9). No corrections were made to experimental 

intensities due to x-ray satellite radiation. The curve fitting procedures are discussed in 

detail in Chapter 3. 

Results 

TiN Surface Preparation 

The TiN sample was cleaned by exposure to atomic deuterium at 450 K as described 

in Chapter 3. This procedure removes adventitious carbon and partially reduces Ti(IV) to 

Ti(II), with no noticeable effect on the intensity or binding energy of the N(ls) signal. 

Some oxygen may be removed from the surface region. However, there is no observable 

change in the O(ls) binding energy. XPS data for Ti(2p) and C(ls) regions are shown in 
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Figure 4.1 for TiN before and after atomic deuterium exposure. The Ti(2p) XPS spectrum 

for the surface prior to atomic deuterium exposure (Fig. 4.1c) displays a feature attributable 

to TiN at 454.8 eV, in good agreement with the values of Porte (10), Day (1 l)and Delfino 

(12), but slightly above the 454.4 eV reported by Vasile, et. al. (13) and below the 455.2 eV 

reported by Saha and Tompkins (14). Such scatter is not surprising in view of the 

environmental sensitivity of this material (10,15). The main Ti (2p3/2) peak in Figure 4.1c at 

458.1 eV is assigned to the stoichiometric oxide (TiC^) (10,11,12,13,14). 

Take-off angle resolved XPS measurements (14) indicate that the oxide is present 

primarily as a surface oxide layer. Some of these oxides are in the hydroxylated form as 

evidence by a higher binding energy peak at 532.5 eV (spectrum not shown). The spectral 

fitting procedures indicate the presence of a peak intermediate between the TiN and TiC>2 

features, at 456.4 eV (Fig. 4.1c) in general agreement with results of Saha and Tompkins 

(14) and Kuznetov, et al. (16). Such a feature has been attributed to the presence of Ti in an 

intermediate oxidation state (e.g., TiNOx), suggested to be present at the grain boundaries of 

TiN (11,14). Changes in the Ti(2p) spectrum induced by exposure to atomic deuterium 

indicate that the relative amount of Ti present as the stoichiometric oxide is substantially 

reduced. The presence of Ti in an intermediate oxidation state cannot be ruled out, but 

equally good fits were obtained to the spectrum from the exposed surface (Fig. 4. Id) with 

and without the presence of the intermediate peak at 456.4 eV. These results definitely 

indicate the etching of the Ti oxide surface region, but are inconclusive regarding the 

possible etching of a mixed oxynitride region suggested to exist at grain boundaries (11,14). 
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Figure 4.1. C(ls) and Ti(2p) XPS spectra for a TiN surface before and after exposure 
to a flux of atomic and molecular deuterium (D/D2). Exposure conditions were 1 x 10"5 

Torr for 600 s at a sample temperature 
of450 K. 
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Figure 4.2. C(1 s) and Cu(2p) XP spectra for a TiN surface exposed to Cu(hfac)2 at 450 
K, and subsequently exposed to a D/D2 flux. 
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Figure 4.3. X-ray excited Cu (L3W) Auger spectra before (a,c) and after ( j o A ) exposure 
of Cu(hfac)2 (adsorbed on TiN) to a D/D2 flux at 450 K. The smaller exposure (a,b; 47 L) 
was onto a clean TiN surface. The larger exposure (135 L) was carried out immediately 
after the smaller exposure; i.e., onto the Cu/TiN substrate. The corresponding Auger kinetic 
energy is the difference between the binding energy values and 1253.6 eV. 
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Figure 4.4. Decrease in Cu(2p3/2) XPS intensity upon exposure of adsorbed precursor to a 
D/D2 flux at 450 K, as a function of initial coverage (Cu/Ti) atomic ratio. The uncertainties 
in the data reflect the error in estimating the Cu(2p3/2) intensity due to background effects 
due to a Ti Auger transition. 
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Cu(hfac)? Adson)tion on TiN and Interaction with Atomic Deuterium 

The D/D2 etched TiN surface was subsequently exposed to Cu(hfac)2 and then to a 

D/D2 flux at a sample temperature of 450 K. This sample temperature corresponds to those 

of hydrogen plasma-assisted MOCVD studies of Cu(hfac)2 (17). Those studies indicate that 

good step coverage is obtained in this temperature range, implying adequate ad-atom 

mobility on the TiN surface. XPS spectra of the D/D2-precleaned TiN surface after 

exposure to 47.0 L of Cu(hfac)2 and after subsequent exposure to a D/D2 flux (1 x 10"5 Torr, 

600 sec) are shown in Figure 4.2a - 4.2c (C(ls), and Figure 4.3d - 4.3f (Cu(2p). The 

corresponding x-ray excited Cu(L3VV) Auger spectra are shown in Figure 4.3a and 4.3b. 

The C(ls) spectrum after Cu(hfac)2 adsorption (Figure 4.2b) has spectral features at 

292 eV, 286.8 eV and at 284.0 eV. This C(ls) spectrum is essentially identical to that 

previously reported (18) for Cu(hfac)2 adsorbed on a TiN surface. On this basis, and those 

of tabulated C(ls) XPS spectra (19), the above spectral features were assigned to CF groups 

(292 eV), CO groups (286.8 eV), and CH or graphitic carbon (both species have nominal 

binding energies near 284.5 eV). The relative intensities of the three spectral features 

correspond to those expected for an hfac ligand, except that the low binding energy feature 

(284 eV) is too high by roughly a factor of 2. This is attributed to the observed adventitious 

contamination of the surface prior to precursor adsorption. A similar effect was observed in 

previous studies on TiN surfaces (18). The XPS peak with binding energy of284.0 eV is 

also roughly 0.5 eV lower than that generally reported (19) for CH or graphitic species. 

This may reflect some TiC contamination of the surface. Exposure of the adsorbed layer to 
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a D/D2 flux results in a 88% decrease in the total carbon XPS intensity (Figure 4.2c). If 

these intensities are corrected for initial background contamination, it can be concluded that 

after the D/D2 exposure 94% of the C atoms present as part of hfac ligands is removed 

from the surface. 

The Cu(2p) XPS spectrum taken immediately after precursor adsorption (Figure 

4.2e) is devoid of satellite structure, which indicates that no significant amounts of Cu(II) 

species are present. The Cu(2p3/2) binding energy (Figure 4.2e) and Cu L3VV binding 

energy (Figure 4.3a) are 932.35 eV and 915.86 eV, respectively (Table 4.1). These values 

are in good agreement with those observed (19,20,21,22) for CU2O and other Cu(I) species. 

The total C/Cu atomic ratio, calculated from corresponding C(ls) and Cu(2p3/2) XPS 

intensities corrected for atomic sensitivities (19) and adventitious carbon contamination, is 

8.1:1. These data are consistent with a surface mediated precursor decomposition and 

reduction to a Cu(I) intermediate and adsorbed hfac ligand: 

(4.1) Cu(ir>(hfac)2 Cu(I)(hfac)a + hfaca 

The above mechanism agrees with results of previous studies (18). This mechanism, 

however, implies a C/Cu atomic ratio of 10:1. For the present XPS data, the calculated 

C/Cu is roughly 8:1. This difference in C/Cu ratios suggests that some decomposition of 

the hfac ligand which subsequently lead to carbon diffusion or desorption occurred during 

the adsorption process of the Cu(hfac)2. However, there is considerable uncertainty in the 

atomic sensitivity factors used to calculate atomic ratios from XPS spectral intensities (19), 
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which can lead to errors in concentration ratios. Thus, it can concluded that reaction 

(accompanied by some contamination or dissociation of hfaca) represented by Equation 4.1 

is supported by the XPS data to within experimental error only. 

Exposure of the adsorbed intermediate to a D/D2 flux at 450 K results in a shift of 

the Cu(LaVV) kinetic energy and a 47% (±5%) decrease in total Cu(2p3/2) intensity (Figures 

4.2e and 4.2f). The uncertainty is the error in measuring the intensity of the Cu(2p3/2> 

feature due to the rising background (Figure 4.2). The Cu(2p3/2) binding energy has shifted 

to 932.05 eV (Figure 4.2d, Table 4.1)), while the Cu (L3VV) kinetic energy has shifted to 

918.84 (Figure 4.3b, Table 4.1). The change in Cu(2p3/2) binding energy may not be 

significant, since the rising background due to a nearby Ti Auger transition (Figure 4.2) 

makes precise measurement of the peak maximum somewhat difficult at low Cu coverages. 

However, the shift in L3VV Auger energy indicates reduction of Cu(I) to Cu(0). The Cu 

2p3/2XPS binding energy and Cu L3VV Auger kinetic energies before and after D/D2 

exposure are consistent with the spectra of other Cu(I) and Cu(O) compounds (Table 4.1), 

respectively (19,20,21,22). 

Table 4.1. Cu (2p3/2) Binding Energies and (L3VV) Auger Kinetic Energies for 
Cu(I) and Cu(0) Oxidation States 

2p3/2 (eV) L3VV (eV) 
Cu(hfac)2 chemisorption, 450 K 932.35 915.86 
Cu(hfac)2 after chemisorption and 
D/ D2 exposure, 450 K 

932.05 918.84 

Cu20 932.7a 915.8 b 

CuCl 932.2c 915.8c 

Cu 932.4c 918.6c 

Notes: adata from ref. 20; bdata from ref. 21; cdata from ref. 22 
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The decrease of Cu intensity by ~ 50% upon exposure to D/D2 flux indicates that 

exposure to atomic deuterium and reduction to Cu(0) results in significant removal of Cu 

from the surface. Repetition of this experiment for initial Cu/Ti atomic ratios between 0.40 

and 0.75 yielded similar results (Figure 4.4). In the absence of atomic deuterium (i.e., either 

UHV or molecular deuterium), much smaller Cu intensity decreases were observed, 

typically on the order of 10% or less. This latter result agrees with previous studies (18) 

performed in the absence of atomic hydrogen or deuterium. Therefore, the 50% decrease in 

Cu coverage is tied specifically to the atomic deuterium-induced volatilization of hfac from 

the TiN surface. Combined XPS and mass spectrometry measurements (18) indicate that at 

450 K and in the absence of atomic hydrogen, there is negligible thermal desorption of Cu 

containing species from the surface, diffusion of Cu into the substrate or nucleation at the 

surface. Therefore, the most reasonable explanation for the observed decrease in Cu 

intensity at 450 K is that the volatilization of adsorbed hfac permits adsorbate mobility and 

disproportionation. The following equations represent the reaction of atomic deuterium 

with the adsorbed Cu intermediates: 

(4.2a) Cu(I)hfaca + hfaca + D -> Cu(I)hfaca + Dhfac (desorbed) 

and 

(4.2b) Cu(I)hfaca + Cu(I)(hfac)a -» Cu(0)a + Cu(II)(hfac)2 (desorbed) 

The atomic hydrogen-induced disproportionation implies a consistent 50% reduction in 

adsorbed Cu as a result of exposure to the D/D2 flux, in agreement with the XPS data. 
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Cu Nucleation on and Diffusion into TiN 

The initial nucleation behavior of Cu on the TiN surface has been determined by 

monitoring the increase in Cu coverage as a function of precursor exposure. For a simple 

chemisorption process, a decreasing sticking coefficient with increasing exposure would 

indicate precursor adsorption and subsequent nucleation at individual surface sites. A 

constant sticking coefficient indicates equal adsorption probability at both Cu and TiN 

surface sites. In order to address this issue, a fresh TiN surface was cleaned by exposure to 

a D/D2 flux at 450 K. The surface was then exposed to successive sequential doses of 

Cu(hfac)2 (0 to 225 L) and D/D2 flux (1.0 - 2.0 x 10"5 Torr, 600 sec) at 450 K. XPS spectra 

were recorded as a function of precursor exposure. Although the sequential precursor and 

D/D2 exposures complicate the simple interpretation of dose vs. coverage curves given 

above, the results still serve as a guide to the general nature of the atomic-hydrogen assisted 

chemisorption and nucleation process. 

Figure 4.5 displays the Cu coverage as a function of Cu(hfac)2 exposure. The Cu/Ti 

atomic ratio was calculated by comparing the Cu(2p3/2) XPS intensity (after D/D2 exposure) 

to that fraction of the Ti(2p3/2) XPS intensity calculated and derived from atoms within the 

first atomic layer. This "Ti surface fraction" was calculated by assuming that the Ti(2p3/2) 

intensity is attenuated according to: 

(4.3) 1(d) =10 exp(-d/T) 

where d is the distance below the sample and F is the inelastic mean free path for 

photoelectrons with kinetic energy corresponding to Ti(2p3/2) photoelectrons (23). In 
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Figure 4.5. Cu surface coverage as a function of sequential exposure of a TiN surface to 
Cu(hfac)2 and then to a flux of atomic and molecular deuterium ( D / D 2 ) . 

equation 4.3, it is assumed that there is no attenuation from the Cu overlayer. Therefore, the 

equation is only valid for relatively low copper coverages. The calculated Ti surface fraction 

for Ti(2p3/2), and a corresponding T = 5 atomic layers (approximately 30 A) is 0.18 (23). 

This means that 18% of the total Ti(2p3/2) intensity is derived from Ti atoms within the first 

surface layer. The Cu/Ti atomic ratio (R(Cu/Ti)) can then be calculated according to: 

(4.4) R(Cu/Ti) = [ICu x ATi]/[(0.18)ITi x Acu] 

where Icuji is the total Cu(2p3/2) or Ti(2p3/2) XPS intensity, and Acuji is the atomic 
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sensitivity factor (14) for Cu or Ti, respectively. The Acu/n values tabulated (19) include 

not only ionization cross sections, but also appropriate corrections for the transmission 

function of the analyzer used in these experiments. As Figure 4.5 shows, a 47.0 L exposure 

of Cu(hfac)2 followed by D/D2 exposure (both at 450 K) results in an estimated Cu/Ti 

atomic ratio below 0.40. Therefore, the above method of calculation is a reasonable 

approximation within this coverage range. Coverages at exposures greater than 50 L were 

estimated by multiplying R(Cu/Ti) at 47.0 L by the relative increase in Cu coverage. This 

allowed the estimation of an average Cu overlayer coverage with reasonable reliability, 

since studies done at low coverages indicate an experimental error of < 10% due to 

variations in x-ray flux. The results are displayed in Figure 4.5. For exposures < 200 L, the 

net sticking coefficient (proportional to amount of Cu deposited after D/D2 exposure) 

decreases with increasing Cu coverage, reaching a saturation coverage of roughly 0.55 

Cu/Ti atoms based upon the above methods of calculation. For an exposure of 218 L, 

however, there appears to be a sharp increase in the sticking coefficient. This suggests that 

the reaction is now involving sites of the copper overlayer and is proceeding by a different 

route than that ones outlined in equations 4.2a and 4.2b. Overall, the observed nucleation 

behavior of Cu(hfac)2 on TiN in the presence of atomic hydrogen (Figure 4.5) is unclear. 

An enhanced sticking reaction coefficient would seem to be implied by the last data point in 

Figure 4.5, but such a conclusion is extremely tentative. The data in Figure 4.5 however, 

demonstrate that initial Cu growth is tied to specific sites on the TiN surface, since initially 

the overall reaction coefficient initially decreases with increasing Cu/Ti atomic ratio. 
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However, the nucleation observed here is the result of a number of interactions between the 

precursor, the substrate and atomic hydrogen. Further work is apparently required in this 

area in order to draw more definite conclusions. 

Figure 4.6 displays the diffusion of Cu into a D/D2-etched TiN layer as a function of 

sample temperature. Slightly less than a monolayer of Cu (based on the Cu/Ti atomic ratio) 

was deposited by the methods discussed above at 450 K on a fresh D/D2 cleaned TiN 

surface. XPS spectra were obtained after annealing the Cu/TiN sample to successively 

400 500 1000 

Temperature (K) 

Figure 4.6. Cu surface coverage on a TiN substrate as a function of substrate annealing 
temperature. The TiN surface had been previously exposed to a D/D2 flux. 
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higher temperatures (20 minutes at each temperature). A quadrupole mass spectrometer 

was placed in the vicinity of the sample to monitor desorption of Cu containing species (Cu, 

CuF, CuO). No Cu (amu 63/65) desorption was observed. This indicates that the observed 

decrease in Cu(2p) intensity is due to diffusion of Cu into the TiN substrate. The data in 

Figure 4.6 show that there is apparently a slight decrease in Cu XPS intensity at 

temperatures between 400 K and 600 K. This is consistent with previous UHV studies (18) 

which report that observable Cu diffusion into TiN bulk (a polycrystalline sample) at 553 K. 

As shown in Figure 4.6,. the decrease in Cu intensity becomes significant at temperatures 

above 750 K. This result is in good agreement with RBS studies of Cu interfaces with 

unetched TiN films (15,24) which indicate Cu diffusion into the substrate within this 

temperature range. 

Discussion 

Overall, the XPS data reported here are in agreement with previous surface science 

studies (2,3,18) as reviewed in Chapter 2. Exposure of Cu(hfac)2 to a TiN surface results in 

the presence of adsorbed Cu(I)(hfac) and hfac intermediates. XPS studies of Cu(hfac)2 

exposed to atomically clean Ag (2) have yielded a similar C(ls) spectrum (Figure 4.2) in 

precise accord with that expected for an intact hfac ligand. Cu(2p) Auger spectra were also 

reported confirming the presence of Cu(I) on the surface. The presence of an intact hfac 

ligand following Cu(hfac)2 adsorption is confirmed by FTIR spectra of precursor adsorption 

on polycrystalline Cu and Cu(100) surfaces (24,25). The simultaneous existence of both 

Cu(I) and intact hfac demonstrates that the chemisorption of Cu(hfac)2 occurs via the 
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reaction shown in equation 4.1. CVD kinetic data obtained under non-UHV conditions 

(26,27) are also consistent with this model. In particular, the addition of Hhfac to the 

reaction stream retards the deposition reaction (26) in agreement with Equation 4.1. 

In agreement with previous work (Chapter 3), the data reported here indicate that in 

the absence of atomic deuterium, no serious perturbation of these adsorbates occurs at 450 

K. Exposure of the adsorbed layer to atomic deuterium at 450 K results in the removal of 

organic species from the surface and the reduction of Cu(I) to Cu(0), with a loss of half the 

adsorbed Cu from the surface. These data demonstrate that the interaction of atomic 

hydrogen with the adsorbed Cu(I)(hfac) intermediate results in the removal of hfac and the 

disproportionation of Cu(I)hfac species at 450 K (Equations 4.2a and 4.2b). 

TiN K £ 
grain boundaries 

r C2p' ' 

TiN 

(b) 

(a) 

TiN 
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Figure 4.7. Diagram of possible mechanisms to account for the observed decrease in Cu 
XPS intensity: (a) Cu diffusion along grain boundaries (b) Cu desorption (c) de-wetting of 
Cu. 
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There are other possible explanations that would account for the observed decrease 

in Cu intensity upon D/D2 exposures. These are illustrated in Figure 4.7. These include (1) 

the diffusion of Cu into the TiN substrate (Figure 4.7a); (2) an atomic hydrogen-induced 

direct desorption of a Cu(I) species (Figure 4.7b); and (3) the partial de-wetting of Cu from 

the surface which results to three-dimensional island formation ("balling up" phenomena as 

shown in Figure 4.7c). The first explanation is impossible on the basis of results from 

diffusion studies (Figure 4.6) and those previously reported (18). Observable diffusion of 

Cu into TiN bulk whether or not atomic deuterium or hydrogen is present, occurs only at 

temperatures well above 450 K (18). The second possibility is unlikely since there is no 

reason a-priori that the desorption of a Cu(I) species should result in a consistent ~ 50% 

decrease in Cu intensity over a broad range of Cu(I)hfac coverage. Moreover, desorption of 

a Cu(I) species is further unlikely since only a slight reduction of Cu intensity at 450 K is 

observed in the absence of atomic deuterium. The third possible explanation which 

suggests that the exposure to atomic deuterium results in de-wetting of Cu from the surface 

at 450 K for some reason is not readily apparent. Such interaction would lead to a decrease 

in total Cu (XPS) intensity (23). However, there is no reason why this should result in 

consistent intensity reductions of 50%, regardless of initial surface coverage. Such de-

wetting is not observed at temperatures as low as 450 K for Cu(I)hfac(vtms) (18,28), which 

adsorbs as Cu(I)hfac. De-wetting has been observed upon annealing (above 1000 K) of Cu 

deposited by physical vapor deposition onto oxidized W(110) (29). In that case, the relative 

decrease in Cu Auger intensity observed upon de-wetting was not constant, but was a 
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variable as a function of the total amount of Cu on the surface. This results from the 

variation in the size of the 3-D islands formed. If the overall average size of the 3-D nuclei 

increases with surface coverage, then a greater percentage of Cu atoms will be in the interior 

of the islands. The XPS or Auger intensity will be attenuated to an increasing degree 

(23,29). As shown in Figure 4.4, the relative decrease in Cu intensity for the studies here is 

constant as a function of initial Cu coverage (i.e., before atomic hydrogen exposure). 

Therefore, de-wetting from the surface and island formation are not possibly occurring. The 

most probable interpretation of the data reported here is that exposure to atomic deuterium 

removes hfac and induces a disproportionation of Cu(I) species, as in equations 4.2a and 

4.2b. 

This is the first observation by surface analysis in UHV of Cu(II) precursor reaction 

proceeding by the disproportionation pathway (equations 4.2a and 4.2b). The initiation of 

this reaction is directly tied to the removal of the adsorbed hfac from the surface. There has 

been speculation in the literature (26) that the removal of hfac species from the surface 

might be the rate-determining step in the MOCVD process using Cu(hfac)2. As mentioned 

in Chapter 2, previous XPS studies (18,30) of both Cu(hfac)2 and Cu(I)(hfac)(vtms) 

interactions with the oxidized TiN noted that disproportionation of adsorbed species did not 

occur. Although desorption of a Cu-containing species was observed at higher temperatures 

(18) which was interpreted on the basis of mass spectrometry measurements to be a Cu(I) 

species. It was suggested (18) that organic surface contamination (either hfac or 

decomposed fragments) prevented the disproportionation reaction by blocking the mobility 
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of the adsorbates. An alternative suggestion (24) is that disproportionation cannot occur at 

the low reactant concentrations encountered under UHV conditions. The basis for this 

suggestion was the failure to observe disproportionation via FTIR for Cu(I)(hfac)(vtms) 

adsorbed on a clean Cu surface under UHV conditions, followed by the observation of 

reflective film growth at precursor pressures above 10"5 Torr (24). This may indicate the 

existence of an Eley-Rideal mechanism for disproportionation between a vapor phase Cu(I) 

precursor and an adsorbed Cu(I) intermediate. The results here, however, indicate that a 

Langmuir-Hinshelwood type disproportionation mechanism occurs between adsorbed 

Cu(I)(hfac) species under appropriate conditions. 

TPD Studies 

Experimental Method 

The TPD experiments were carried out in a stainless steel, turbomolecularly pumped 

ultra-high vacuum (UHV) system, with the schematic diagram shown in Figure 4.8. The 

UHV system is equipped with a CMA Auger spectrometer system (Physical Electronics 

Model 101-50), a LEED system (Canim-Scientific Reverse View LEED model 03-001) 

and ion-sputter gun. The base pressure of this chamber was 4x10"10 Torr after bakeout. The 

background pressure was monitored using a nude ion gauge calibrated for dinitrogen and 

mounted out of line-of-sight of the sample in order to minimize electron-induced surface 

reactions. For both residual gas analysis and TPD studies, the UHV system was equipped 

with a quadrupole mass analyzer (UTI model 100c). In the TPD experiments, the sample 

was positioned at a distance of 5 mm in front of a collimated opening (10 mm diameter) of 



90 

Mass Spectrometer 

Ion Sputter Gun Doser Tube 

Auger 

Spectrometer 

Sample 
LEED 

Vacuum 
Pump 

Figure 4.8. Schematic diagram of the UHV system which was used for MOCVD-TPD 
studies. 

the gold-plated shrouded mass analyzer for line-of-sight measurements. The collimator was 

gold-plated to reduce spurious wall reactions. 

The sample was an epitaxial TiN(lOO) film (700 A), deposited on a MgO(lOO) 

substrate by nitrogen bombardment-assisted reactive sputtering (30). This TiN(lOO) surface 

was used to minimize diffusion of Cu atoms along grain boundaries for temperatures greater 

than 700 K (28,30). The 10 mm x 10 mm TiN(100) sample was mounted to a Ta sample 

holder and then spotwelded to the Ta leads. Sample temperature was monitored by using a 

chromel-alumel thermocouple spotwelded to a tab of the holder pressed to the surface of 

the TiN sample. The sample temperature was varied between 80 K and 1300 K by 

combination of liquid nitrogen cooling and resistive heating. 
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Clean TiN(lOO) surfaces were prepared by sputtering with a 1.5 keV nitrogen ion 

beam at temperatures between 300 K and 950 K, and then followed by annealing at 950 K 

for 10 minutes. Nitrogen was used to compensate for the preferential sputtering of nitrogen 

atoms from the surface of TiN (28,30). The sample was cooled to room temperature or 

below before doing Auger and LEED measurements. Auger analysis after surface-cleaning 

revealed O and C (in the form of TiC) as the main contaminants. The clean TiN surface 

exhibited a sharp lxl LEED pattern expected for a TiN(100) surface (28,30). 

The Cu(hfac)2 sample was prepared similarly as in the XPS experiments. The 

dehydrated Cu precursor was sublimed at 353 K (80°C) and was admitted to the UHV 

chamber via a stainless steel leak valve and doser tube in proximity to the sample surface. 

No carrier gas was used for transport of the precursor vapor. Precursor decomposition on 

the walls was minimized by keeping the doser lines heated at 353 K. To remove any 

decomposed fragments, the sample container was also pumped prior to dosing. Cu(hfac)2 

exposures are reported in terms of background pressure and time of exposure; one 

Langmuir (L) = 10"6 Torr-s. Exposures have not been corrected for directional dosing or 

ion-gauge sensitivity. 

TPD experiments were carried out by initially dosing the substrate with the 

precursor at 85 K and then heating the substrate at a linear rate of 10 K/s ± 2K/s. Prior to 

heating, the sample was positioned directly in front of the collimator of the mass 

spectrometer. The heating, temperature measurements and detection of desorbing products 

by the quadrupole mass analyzer were all controlled using a personal computer. The TPD 
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program allowed the recording of up to 10 different masses during a single run. In typical 

TPD experiments, the Cu(hfac)2 precursor decomposition fragments (18,31) which were 

monitored included: CF3
+ (amu 69), CF+(amu 31), CO+(amu 28), H^amu 2), COF+(amu 

47), CF2
+(amu 50), F+(amu 19), Cu+(amu 63,65), CF3CO+(amu 97) and 

CF3COCHCO+(amu 138). At temperatures below 300 K, the adsorbed Cu precursor was 

observed to decompose substantially after exposure to the incident electron beam of the 

Auger spectrometer. As a precaution, the sample was not subjected to the Auger electron 

beam prior to TPD. The thermal annealing after Cu-adsorption was stopped at various 

temperatures above 300 K and AES was used to characterized the species left on the 

surface. In separate experiments, Auger spectra of the TiN surface with the Cu(hfac)2 

adsorbate were recorded to ensure that the Cu was sticking on the TiN surface prior to TPD. 

To quantitatively determine the atomic concentration of the impurities and adsorbate 

on the TiN substrate, the peak-to-peak AES signals of the different surface species were 

measured from the differential spectrum and the relative ratios were calculated. Equation 

4.3 was used to calculate for the adsorbate coverage of substrate B (TiN) covered by a 

partial monolayer of A (23) 

(4.3) © a / 1 - © a = (WXA)/ (IB/Xb) 

where ©a is the fractional surface coverage of adsorbate A, Ia and Ib are the measured 

peak-to-peak height AES intensity signals of A and B, respectively while XA and XB are 

their corresponding atomic sensitivity factors (32). For an adsorbate overlayer composed of 
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several elements in partially or completely unknown chemical environments, this equation 

is obviously a rough approximation. Thus, the equation was solved for each adsorbate (Cu, 

C, O ). This approach is only valid if each adsorbate element independently attenuates the 

signal from the substrate to an equal degree. Approximate relative atomic concentration of 

adsorbates were also derived by assuming a homogenous adsorbate layer (32) e.g.: 

(4.4) Cii= I-Ti/X-n / (Iji/Xxi + In/Xn + Ic/Xc + k/Xo) 

In other words, it is assumed that the AES signal of the adsorbate species is not 

preferentially attenuated by the presence of other adsorbates. 

There is a difficulty in the quantitative determination of the Ti and N Auger 

intensities due to the overlap of the Auger peaks at -380 eV for the N (KLL) transition and 

the Ti (LMM) peaks (33). Therefore, for the calculation of relative concentrations, the 

peak-to-peak differential amplitude of the Ti LMV transition at ~ 418 eV (attributed solely 

to Ti) was used. To determine the AES intensity due to the N signal, the method of 

Sundgren, et al (34) was employed. The positive excursion of the overlapping peak at -380 

eV was taken as the measure of the intensity contributed by the N signal. 

Results and Discussion 

Figure 4.9a shows the typical Auger spectrum of a clean TiN(100) surface while 

Figure 4.9b shows the spectrum after a 30 L Cu(hfac)2 dose followed by TPD annealing to 

900 K. No Cu was observed by AES after TPD, even for initial exposures greater than 
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Figure 4.9. AES spectra of TiN(lOO): (a) clean surface after repeated sputtering and 
annealing (b) after Cu(hfac)2 dose at 85K followed by TPD annealing to 900 K. 
No Cu(0) was left on the surface after TPD. 
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Figure 4.10. TPD spectra of selected desorption products from the TiN(100) surface after 
exposure to 30 L of Cu(hfac)2. 
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Cu(hfac)2. 
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80 L, although Cu was observed by AES after dosing and before TPD annealing. Figure 

4.10a-d shows selected desorption spectra from a TiN(lOO) surface after a 30 L dose to 

Cu(hfac)2 at 80 K. Products desorb over two distinct temperature ranges: 150 K - 300 K 

and 450 K - 800 K. Auger analysis of the TiN surface (Figure 4.9b) revealed that there was 

no Cu (expected to be at 60eV and 920 eV) or F (600 eV) left on the surface after the TPD 

annealing. This proved to be true even for large initial precursor exposures up to 80 L. 

AES further showed C and O contamination of the surface after TPD annealing. Before Cu 

dosing, the TiN surface has a typical C and O contamination of less than 0.05 monolayers 

(with equivalent relative atomic concentrations of Cc < 0.02 and Co < 0.05). After TPD, 

typical O and C coverages are less than 0.20 monolayers (Cc and Co are both less than 

0.10) even after initial exposures to 80 L of Cu(hfac)2. This indicates that no significant 

precursor decomposition has occurred on the TiN surface. In contrast, Auger spectra (not 

shown) of the TiN(100) substrate exposed (similar conditions to Cu(hfac)2 dose) to the 

Cu(I) precursor, Cu(hfac)(COD), indicate Cu formation and significant C, O and F 

contamination of the surface after TPD. These data indicate that Cu adsorbed on the surface 

does not diffuse readily into the TiN(100) bulk during TPD annealing. The reaction 

intermediates after Cu(hfac)2 adsorption desorb from the TiN surface leaving no Cu on the 

surface. 

Analysis of the desorption peaks reveals that the features between 150 and 300 K 

are less intense than the peaks occurring above 450 K. The intensity of the low temperature 

peaks, however, are found to increase with increasing Cu-precursor exposure as shown in 
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Figure 4.11 (desorption spectra of amu 69 attributed to CF3+, the major ionization fragment 

of Cu(hfac)2). As indicated in Figures 4.10 and 4.11, the intensities of the desorption 

peaks in the region below 300 K are significantly smaller compared to the intensities of the 

major peaks occurring above 450 K. 

There are several possibilities with regard to the origin of the desorbing species at T 

< 300 K. Plausible explanations would be the desorption of decomposition products of 

precursor which formed during the dosing process, desorption due to precursor multilayer 

formation, and desorption of decomposition products after an immediate dissociation of the 

adsorbed precursor on the TiN surface. Based on the TPD data, it is inferred that the low 

temperature desorption peaks may be largely due to the desorption of decomposed 

precursor. Although such unwanted decomposition prior to precursor surface reaction has 

been minimized by pumping out the Cu-doser lines before the experiment, the precursor to 

some extent would always interact with the doser lines producing decomposition products 

during the actual dose. Multilayer Cu-precursor formation has been suggested to occur 

under UHV conditions for Cu(hfac)2 with metallic surfaces (24-25). Based on RAIR 

studies, Girolami and co-workers (24) reported that multilayer formation occurs on Cu 

single crystal surfaces exposed to as low as 0.5 L Cu(hfac)2 at 115 K and this multilayer is 

the source of desorption peaks for T < 300 K. However, there is no conclusive evidence 

from present TPD data which would indicate that a similar Cu(hfac)2 multilayer formation 

is occurring on TiN. The desorption peaks occurring below 300 K (Figure 4.10 and 4.11) 

are too broad and are of very low intensity to be quantifiable. Previous XPS studies of 
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Cu(hfac)2 interaction with polycrystalline TiN (5,18) also did not show multilayer 

formation for similar initial Cu-precursor coverages. TPD data (Figure 4.10) indicate that 

the most intense peaks at the low temperature region are for F and CO (TPD spectra not 

shown), and CF (Figure 4.10d) containing hydrocarbons. No significant Cu, CF3, CF3CO, 

and other mass fragmentation products of Cu(I)(hfac) or Hhfac were detected. This strongly 

suggests that the desorption at low temperature is primarily due to desorption of the 

decomposed precursor and not due to the desorption reaction products of the adsorbed 

Cu(hfac)2 with the TiN surface. 

If there is multilayer precursor formation then it is expected that substantial amounts 

of Cu and CF3 containing species should have desorbed at T < 300 K. However, no 

significant amount of Cu or CF3 desorption was observed. If there is multilayer formation 

occurring on the surface, based on the present TPD results, it is inferred that it would be a 

multilayer consisting of decomposed organic species rather than an intact precursor. 

As indicated by XPS data (Figure 4.2), upon heating to temperatures above 300 K, 

the Cu(hfac)2 remaining on the TiN surface dissociates to form the adsorbed Cu(I)hfac and 

hfac intermediates. If the TiN surface is dosed directly with Cu(hfac)2 at T > 300 K, the 

Cu(hfac)2 directly dissociates to Cu(I)(hfac) and hfac species (1,18). These intermediate 

species remain adsorbed on the surface until 450 K. 

Subsequent surface reactions of the Cu(I)hfac and hfac intermediates give rise to the 

desorption peaks associated with organo-copper species between 450 and 800 K. Based on 

TPD data (Figure 4.10), the desorption above 450 K can be assigned to the desorption of 



100 

either intact Cu(I)hfac or Cu(II)(hfac)2. The desorption process is characterized by peaks 

associated with Cu (Figure 4.1a) co-incident with peaks associated to the mass 

fragmentation of an Cu(I)(hfac) or hfac ligand: CF3COCHCO (Figure 4.10b), CF3 (Figure 

4.10c) and CF3CO (Figure 4.10d). The Cu (amu 63) peak desorption corresponds exactly 

with those of the larger organic fragments which indicates that Cu desorbs as a part of an 

organo-copper complex. The parent ion Cu(hfac)2+ (amu 477) or the Cu(hfac)+ (amu 270) 

is beyond the range of the mass spectrometer used. Therefore, the identity of the organo-

copper species cannot be conclusively assigned to Cu(I)(hfac)+ or Cu(II)(hfac)2+ based on 

TPD data only. 

There are several reasonable possibilities with regard to the origin of the organo-

copper species desorbing above 450 K. First, the Cu-complex desorbing from the TiN 

surface can result from the disproportionation reaction of two Cu(I)hfac species. If such a 

reaction, producing Cu(hfac)2, occurs then some Cu must be left on the surface after the 

TPD (in the absence of Cu diffusion into the bulk). However, AES indicates the absence of 

Cu after TPD to T > 750 K (Figure 4.9b). Thus, disproportionation probably does not 

occur. 

Another explanation which accounts for the Cu(hfac)2 desorption is the 

recombination reaction of the Cu(I)hfac and hfac intermediates. 

(4.5) Cu(I)hfac(a) + hfac(a) -» Cu(II)(hfac)2 (g) t 

Such a recombination reaction would not leave Cu on the surface. In corroboration, 
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analysis of the peak desorption profile showed that the peaks shift to lower temperature as a 

function of initial exposure (Figure 4.11). This temperature peak shift is characteristic of 

second-order mechanisms typical of recombination reaction (35,36,37). Thus, Auger and 

TPD results indicate that recombination of adsorbed Cu(I)hfac and hfac species is favored 

to occur, on the TiN(lOO) surface, to the exclusion of Cu(I) disproportionation. 

The desorption of a Cu-containing complex upon heating to T > 450 K has also 

been observed previously on oxidized TiN polycrystalline surfaces dosed with Cu(hfac)2 

(18). It has been suggested that that the adsorbed Cu(I)hfac and hfac species on the surface 

decompose and subsequently desorb as volatile Cu-containing fluorohydrocarbon products 

(18). Instead of a recombination reaction between the intermediates (Equation 4.5), it was 

proposed that the hfac thermolytically decomposes and this leads to the desorption of 

organo-copper (equivocally assigned as an intact Cu(I)hfac specie) at T >450 K (18). 

However, the TPD results (Figs. 4.10 and 4.11) show recombination peaks. This indicates 

that decomposition of the hfac intermediates does not occur on the TiN surface.Moreover, 

post TPD Auger spectra (Figure 4.9b) do not indicate appreciable C, O and F 

contamination, expected on a surface where extensive decomposition of Cu(I)(hfac) or hfac 

intermediates has occurred. A decomposition pathway would most likely favor Cu 

formation but this is not observed on the TiN(lOO) surface. There is a slight increase in C 

and O concentration after Cu(hfac)2 exposure and TPD which suggests that some thermal 

decomposition of the Cu intermediates occurs on the surface. However, it is inferred based 

on calculated atomic concentrations and surface coverages that the decomposition pathway 
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is not the major reaction pathway. The overall proposed mechanism for the reaction of 

Cu(hfac)2 with the clean TiN(lOO) surface is summarized below: 

(4.6a) Cu(II)(hfac)2(g) —» Cu(I)hfac (a) + hfac(a> 

(4.6b) Cu(I)hfac (a) + hfac (a) -» Cu(II)(hfac)2 (a> 

(4.6c) Cu(II)(hfac)2 (a) -> Cu(II)(hfac)2 (g) t 

Summary and Conclusions 

XPS studies have been carried out for Cu(hfac)2 adsorbed onto TiN surfaces under 

UHV conditions and subsequently exposed to a flux of atomic hydrogen. The results here 

demonstrate that Cu(hfac)2 dissociatively adsorbed on a TiN surface at 450 K as 

Cu(I)(hfac) and hfac intermediates. Upon exposure to atomic hydrogen, volatilization of 

the hfac species occurs with a consequent disproportionation reaction of the Cu(I)(hfac) 

species leading to Cu(0) formation. In the absence of atomic hydrogen or other external 

reducing agents, TPD/AES data indicate that Cu(0) formation from Cu(hfac)2 is prevented 

by the back-reaction of the intermediates. These results, when considered in the light of 

recent results for hydrogen plasma assisted MOCVD under millitorr conditions (17,38) 

indicate that atomic hydrogen or hydrogen-plasma MOCVD is an effective method for 

depositing Cu at a low substrate temperatures while inhibiting interfacial or bulk 

contamination. Since desorption of adsorbed hfac may be the rate determining step in the 

Cu nucleation process (26), the specific inducement of the disproportionation reaction by 

atomic hydrogen further suggests that this method offers the possibility of a significant 
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enhancement in deposition rate. 

In addition to being a promising method for MOCVD, use of atomic hydrogen has 

been shown here to be a practical method for removing adventitious hydrocarbon and some 

oxygen from the TiN surface prior to the MOCVD process, without significantly affecting 

the diffusion properties of the substrate. This suggests that a pre-deposition exposure of the 

TiN surface to atomic hydrogen or a remote plasma (to avoid ion sputtering effects) (38) 

would be an effective pre-cleaning process, readily integrable with the atomic hydrogen-

assisted MOCVD process. A report on non-UHV MOCVD (38) confirms the results 

presented here. In situ hydrogen plasma cleaning of TiN surfaces has been shown to play a 

key role in achieving good conformality and complete Cu filling at higher growth rates in 

aggressive via and trench structures (0.3 p.m with aspect ratio of 6:1) (38). It has been 

suggested that the in situ plasma treatment plays a key role in providing uniformly clean 

TiN surfaces with significantly higher concentrations of reactive surface sites, and this 

leads to reduction of the nucleation barrier to film growth (38). 

The ability of atomic hydrogen to remove some oxygen from the TiN surface region 

(mainly by etching Ti02) has implications for the nucleation and adhesion of the Cu film to 

the substrate. Electron microscopy and AES results (39) for Cu films obtained on Ti, TiN 

and TiW films under non-UHV conditions demonstrate that the presence of a surface oxide 

layer results in the balling up of Cu on the film surface, implying reduced Cu-substrate 

interaction and reduced adhesion. The results reported here suggest that de-wetting is not 

occurring on the partially oxidized and atomic-hydrogen-exposed TiN surface. 
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CHAPTER 5 

XPS AND TPD STUDIES OF COPPER MOCYD 

ON A TANTALUM SURFACE 

Introduction 

As previously mentioned, there is growing interest in Ta as potential diffusion 

barrier layer/adhesion promoter for Cu metallization. Ta and related compounds (Ta 

nitrides and Ta silicide nitrides) have been reported to have higher thermal stability and 

prevented Cu diffusion at much higher temperatures compared to other barrier layer 

materials (1,2,3,4,5). Results regarding the interaction of Cu(hfac)2 with a Ta surface under 

controlled ultra-high vacuum conditions are reported in this chapter. XPS and TPD data 

presented here indicate that a substantially different chemistry for Cu(0) formation is 

occurring on the Ta surface compared to TiN and other metallic surfaces. Cu(hfac)2 

adsorbed on a polycrystalline Ta substrate at low temperatures (T < 120 K) dissociates to 

form Cu(I)hfac and hfac intermediates upon heating to 300 K. The reduction of Cu(I) to 

Cu(0) occurs spontaneously on the Ta surface by 450 K even in the absence of atomic 

hydrogen and other reducing agents. Moreover, the Cu reduction is not accompanied by a 

disproportionation reaction. The TPD results indicate that the observed unique Cu(0) 

reduction on Ta is due to the thermal decomposition of the Cu(I)hfac and hfac species 

which proceeds more readily on Ta compared to the TiN or other surfaces. The TPD 
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studies also indicate that the Ta surface might offer more robust adhesion to Cu as indicated 

by Cu desorption at 1100 K, considerably above reported temperatures (2) where Cu has 

been observed to significantly diffuse into the Ta bulk. 

XPS Studies 

Experimental Method 

The XPS experiments were carried out in a turbomolecularly pumped UHV system 

previously described in Chapter 3 (Figure 3.1). The system was equipped with a 

hemispherical electron energy analyzer, unmonochromatized x-ray source, differentially 

pumped ion gun for sample sputter cleaning, and a quadrupole mass analyzer for residual 

gas analysis. The Ta sample (a piece of polycrystalline Ta foil, 10 mm x 10 mm wide, 

0.003 mm thick, 99.98 % purity) was spotwelded to two tantalum leads for direct current 

heating. The sample temperature was continuously varied between 115 K and 1400 K 

through a combination of liquid nitrogen cooling and direct current heating. Chamber 

pressure was monitored with a nude ion gauge calibrated for dinitrogen and mounted out of 

line-of-sight of the sample in order to minimize electron-induced chemistry at the sample 

surface. Sample temperature was monitored by a chromel-alumel thermocouple spotwelded 

on the back of the Ta sample. 

XPS spectra were acquired in the constant pass energy mode (50 eV) with the 

analyzer axis parallel to the sample normal. MgKa radiation was used to excite 

photoemission spectra, with the x-ray source operated at 15 kV and 300 watts. The 

experimental spectra were fitted to a calculated spectra using commercially available 
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software (6), and employing Voigt functions and non-linear background subtraction (7,8). 

The peak fitting procedures are discussed in Chapter 3. Spectra were calibrated by 

comparing Ta (4f) spectra to published values (9) (vide infra). The partial overlap of the O 

(2p) signal with the Ta(4f) peak (10) has been disregarded in the spectral peak analysis since 

it was found here that the effects of oxygen surface coverage on total Ta(4f) XPS intensity 

were negligible. 

The Cu(hfac)2 sample was prepared in the same fashion as described in Chapter 4. 

Cu(hfac)2 was admitted to the UHV chamber via a stainless steel leak valve and doser tube 

in proximity to the sample surface. Cu(hfac)2 exposures are reported in terms of 

background pressure and time of exposure; one Langmuir (L) =10"6 Torr-seconds. 

Exposures have not been corrected for directional dosing or ion gauge sensitivity. 

In-situ cleaning of the Ta sample was accomplished by a combination of argon ion 

sputtering (2 kV) and heating (1500 K). This procedure is sufficient to remove the native 

oxide and many of the surface and bulk impurities from Ta. The high solubility of oxygen 

in Ta caused a diffusion of oxygen from Ta bulk to the surface upon annealing to elevated 

temperatures. Complete removal of carbidic/graphitic carbon was also not completed as 

this would require heating to above 1500 K which was not possible in the manipulator set-

up. Therefore, most spectra reported here were acquired on a Ta surface with submonolayer 

coverages of oxygen and carbon. 

The qualitative determination of adsorbate coverage for substrate (B) covered by a 

partial monolayer of (A) is given (11) by: 
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(5.1) ©A/(1-©A) = (IA/IB)(XB/Xa) 

where ©A is the fractional surface coverage of adsorbate A, IA,B represents the measured 

intensity of the photoemission signal of (A,B), and XA,B are the corresponding atomic 

sensitivity factors (10) for elements A and B. For an adsorbate overlayer composed of 

several elements in partially or completely unknown chemical bonding environments, 

Equation 5.1 is obviously a rough approximation. However, this problem is approached in 

general by solving Equation 5.1 for each adsorbate (Cu, O, C and F). This approach is only 

valid if each adsorbate independently attenuates the signal from the Ta substrate to an equal 

degree. A sum of 0 values for all adsorbate elements can therefore readily total more than 

1.0. Relative atomic concentrations of adsorbates were derived by assuming a homogenous 

adsorbate layer (10,11), e.g.; 

(5.2) NCU/Nf=(ICu/XCU)(IF/Xf) 

in other words, the photemission of an adsorbate species is not preferentially attenuated by 

the presence of other adsorbates. 

Results and Discussion 

Ta Surface Preparation 

Repeated Ar ion-sputtering and annealing of the Ta surface in UHV generally 

resulted in a surface containing small amounts of C and O. Ta (4f), 0(2p) and C(ls) 

spectra for a typical clean Ta surfaces are displayed in Figure 5.1a-c. 
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The Ta(4f) spectrum (Figure 5.1a) displays four peaks at 21.6,23.3,24.5 and 26.0 

eV. The two peaks (spin-orbit split) at lowest binding energy are characteristic of metallic 

Ta, and are in good agreement with published values (9) of 21.6 and 23.4 eV. The binding 

energies of the second pair of peaks at 24.6-26.0 eV are less than those observed for 

stoichiometric Ta20s (12). Similar binding energies have been assigned oxidation states 
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Figure 5.1. XPS spectra of Ta surface prior to precursor deposition: (a) Ta(4f), (b) O(ls), 
and (c) C(ls) spectra.. 
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between Ta(I) and Ta(III) for suboxides produced by etching of TazOs (12). This indicates 

that a Ta sub-oxide film is present, with perhaps several different stoichiometrics. The 

O(ls) spectrum (Figure 4.1b) shows two peaks at 530.7 eV and 533.02 eV, which are 

assigned to adsorbed oxygen, Oa and OHa species, respectively (13,14). The C(ls) 

spectrum (Figure 5.1c) shows a peak at 282.8 eV, which is assigned to the metal carbide 

(10). The second peak at 283.8 eV is characteristic of either graphitic carbon or 

hydrocarbon species (10). Total O/Ta and C/Ta atomic ratios (calculated on the basis of 

Equation 4.1), were 0.13 and 0.16 respectively. 

Adsorption of Cu(hfac)? 

After cleaning, the Ta surface was exposed to Cu(hfac)2 at 115 K and then the XPS 

spectra of the various elements taken. The substrate was then annealed (~3 K/s heating 

rate) to different temperatures above 115 K (i.e. 300 K, 450 K up to 1000 K) then cooled 

back to 115 K before doing XPS. For a Ta surface dosed with 42 L of Cu(hfac)2, the XPS 

spectra of Ta (4f) and 0(2p), are displayed in Figures 5.2, F(ls) and C(ls) spectra in 

Figures 5.3 and Cu(2p) and Cu(L3VV) Auger spectra in Figure 5.4. Adsorbate surface 

coverages and relative concentrations, calculated according to equations 5.1 and 5.2 are 

displayed in Table 5.1 for selected temperatures. 

Upon adsorption at 115 K, the Ta(4f) substrate peak (Figure 5.2a) is entirely 

obscured, consistent with formation of a thick Cu(hfac)2 multilayer. The observed binding 

energies for O(ls) (534.6 eV, Figure 5.2d) and F(ls)(690.3 eV, Figure 5.3a) are several eV 

higher than corresponding values for fluorinated Cu P-diketonate ligands adsorbed on metal 
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surfaces (15). This indicates that the multilayer is sufficiently thick as to induce charging 

upon x-ray exposure and photoemission. 

Table 5.1. Calculated surface coveragesa (0) and relative atomic concentrations (R) for 

Temperature (K) ®Cu ®F ®c RfCu/F) RfCu/C) 

300 0.45 0.72 0.31 0.31 0.17 
450 0.35 0.53 0.64 0.47 0.31 
750 0.32 0.27 0.52 1.30 0.44 
1000 0.11 0 0.35 - 0.24 

Notes: aCoverages calculated according to Equation. 5.1 (i.e., on a Ta surface atom basis) 
Relative atomic concentrations calculated according to Equation 5.2. 

Tantalum 4f 

(C) 450 K 

(b) 300 K 

(a) After Dose, 115 K 

33 31 29 27 25 23 21 19 17 15 

Binding Energy (eV) 

Oxygen 1s 

(f) 450 K 

(e) 300 K 

(d) After Dose, 115 K 

640 538 536 534 532 530 528 526 524 522 

Binding Energy (eV) 

Figure 5.2. Ta (4f) spectra: (a) after 42 L exposure to Cu(hfac)2 at 115 K, (b) annealing to 
300 K, and (c) annealing to 450 K. The corresponding O(ls) spectra are shown in (d-f). 
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Figure 5.4. (a-c) Cu(2p3/2) XPS spectra, respectively, after 42 L exposure of the Ta surface 
to Cu(hfac)2 at 115 K, annealing to 300 K, and annealing to 450 K; (d-f) corresponding x-
ray excited Cu(L3VV) Auger spectra. 
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The Cu(2p) spectrum (Figure 5.4a) displays a lack of satellite peaks (expected 

between 940-950 eV for the Cu (2p3/2) of Cu(II) species). These results suggest that the Cu 

is either in a Cu(I) or Cu(0) oxidation state (10,16,17,18). The uncharacteristically high 

binding energy (935.7 eV, figure 5.4a) is consistent with sample charging (10). The failure 

to observe Cu(II) for the multilayer, however, is strongly suggestive of a reduction of the 

precursor due to irradiation. The C(ls) spectrum (Figure 5.3d) is also not what is expected 

for an intact hfac ligand on the surface or in a multilayer (15). This indicates considerable 

precursor decomposition, either during the dosing process or upon exposure to the x-ray 

flux. A total C/Cu atomic ratio of 26.6 compared to the expected 10.0 indicates the former. 

Annealing the sample to 300 K produces significant changes in all spectra. The Ta 

(4f) peak (Figure 5.2b) reappears while the F(ls) peak (Figure 5.3b) undergoes a 2.5 eV 

shift to lower binding energy. The highest binding energy peak in the C(ls) spectrum 

(Figure 5.3e) undergoes a similar shift in binding energy. These changes indicate 

desorption of the Cu(hfac)2 multilayer under UHV conditions, leaving a single adsorbed 

layer. The broadening of the Ta(4f) peak towards higher binding energies (Figure 5.2b) 

indicates a slightly increased amount of surface oxidation upon annealing to 300 K. 

The C(ls) spectrum (Figure 5.3e) is considerably changed upon annealing of the 

sample to 300 K. The peak at 292.3 eV may be attributed to the fluorinated hydrocarbon 

portion of the hfac ligand (10,15). Carbon(ls) intensity at 282.5 eV is similarly attributable 

to Ta-C (37), which was also observed prior to precursor adsorption (Figure. 5.1c). The 

C(ls) spectral region between 286.5 eV and 284.7 eV is therefore attributable to carboxy 
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and hydrocarbon atoms from the hfac ligand. Previous studies (15,19) have observed hfac 

XPS C(ls) peaks at 292, 286.8 and 284.5 eV. These peaks have been assigned, 

respectively to C-F, C-O, and C-H groups (10,16), with calculated relative intensities (for 

the intact ligand) of 2:2:1. Peaks are observed at 292.3,286.5, and 284.8 eV (Figure 5.3e). 

However, the 286.5 eV peak (C-H) is significantly more intense than the 292.3 eV peak, 

suggesting some decomposition or reaction of CF3 groups by 300 K. The F(ls) spectrum 

(Figure 5.3b) shows one main peak at 300 K at 687.85 eV. This indicates that F is still 

present predominantly bonded to carbon atoms. A small feature is observed at 684.7 eV 

suggesting a minor amount of metal-fluoride formation (10). The main discrepancy, 

however, between the C(ls) spectrum observed at 300 K and that expected for an hfac 

ligand is a feature at 288.45 eV (Figure 5.3e). The wide variation of C(1 s) binding energies 

makes an unambiguous assignment difficult. However, such an energy is not inconsistent 

with an ester linkage (10) and suggests reaction of the hfac ligand with adsorbed oxygen on 

the Ta surface. The O(ls) spectrum (Figure 5.2e) shows two peaks at 532.9 and 531.3 eV. 

The lower binding energy feature is characteristic of intact hfac (15). The feature at 532.9 

eV is substantially higher than that observed for Oa on the clean Ta (530.7 eV, Figure 5.1) 

and other metals (14) and is corroborating evidence for reaction of the hfac ligand with 

surface oxygen groups. 

The Cu(2p3/2) spectrum at 300 K (Figure 5.4b) is narrower and now appears at 

932.8 eV. The Cu(L3VV) Auger peak is also sharper, appearing at 337.5 eV (with 

equivalent kinetic energy of 916.1 eV). These core level binding/Auger kinetic energies 
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are in good agreement with 932.7 eV/915.8 eV reported for C112O (16). They are also 

characteristic of a range of Cu(I) (10,16,17,18) compounds and unambiguously demonstrate 

that Cu is present on the surface at 300 K in the Cu(I) oxidation state. 

Cu Reduction at Elevated Temperatures 

Annealing the adsorbed layer to 450 K in UHV results in the reduction of Cu(I) to 

Cu(0). This is demonstrated by a 2 eV shift of the Cu(L,3VV) Auger kinetic energy to 918.1 

eV (Figure 5.4f). The Cu(2p3/2) binding energy (Figure 5.4c) exhibits a small (0.2) eV shift 

to lower binding energy. These binding/Auger energies are characteristic of metallic copper 

(10,16,17,18). There is an observed reduction in Cu intensity relative to Ta of about 22% 

upon annealing from 300 K to 450 K. These data cannot determine whether the observed 

decrease is due to desorption of some Cu-containing species, diffusion of Cu into the 

surface, formation of Cu 3-D nuclei, or simply an increase in Ta intensity due to the 

removal of an attenuating organic contaminant layer. In any case, the data clearly show that 

Cu(I) -» Cu(0) reduction does not occur by a disproportionation reaction, since this 

mechanism implies the desorption of 50% of the Cu from the surface. As discussed in 

Chapter 4, the atomic-hydrogen assisted Cu(hfac)2 interactions with TiN indicate that the 

reduction of Cu(I) to Cu(0) occurs at 450 K in UHV via a disproportionation reaction. This 

happens only upon exposure of the adsorbate layer to atomic deuterium which removes 

organic surface contaminants. Moreover, the decreases in relative Cu intensity of 50% were 

consistently observed at different initial Cu coverages. The data reported here indicate that 

a reduction of Cu(hfac)2 to Cu(0) on the Ta surface is occurring without disproportionation 
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and in the absence of an external reducing agent. 

Annealing to 450 K is also marked by a 52% decrease in total F(ls) intensity and the 

appearance of a new feature at 684.7 eV (Figure 5.3c). This binding energy is characteristic 

of metal fluorides (10). Since Cu is present only in the metallic state, the new F(ls) peak 

must be ascribed to Ta-F formation. This is consistent with the further broadening of the 

Ta(4f) peak (Figure 5.2b). The total C intensity (relative to Ta(4f)) decreases by 23% 

(Figure 5.3f) from that observed at 300 K. The feature characteristic of fluorocarbon 

species has disappeared, and the range of binding energies present indicates the presence of 

C-O, C-H and metal carbide species (10). These data indicate that the Cu(I) -» Cu(0) 

reduction is accompanied by the formation of Ta-F and further decomposition of the hfac 

species as well as the removal of substantial amounts of F and C from the surface. 

Annealing to Higher Temperatures 

The variation in the Cu, F and C surface coverage for temperatures between 300 K 

and 1000 K are shown in Figure 5.5. These results show that the reduction of Cu(I) -» 

Cu(0) between 300 K and 450 K is marked by a 22% decrease in C relative intensity, and a 

26% decrease in F(ls) relative intensity. Between 450 K and 750 K there is no significant 

change in the Cu/Ta relative intensity. The C(ls), F(ls) and 0(ls)(not shown) relative 

intensities continue to decline over this temperature range. This indicates that the metallic 

Cu overlayer is stable on the Ta surface over this temperature range, while F, C and O 

adatoms continue to be removed from the surface. Between 750 K and 950 K there is an 

observable decrease in relative Cu intensity (Figure 5.5). This decrease becomes more 
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pronounced as the temperature is increased to 1000 K. 

The decrease in Cu intensity above 750 K may be ascribed to either desorption or 

diffusion into the Ta substrate. A third possibility is that Cu is "de-wetting" from the Ta 

surface and forming 3-D nuclei (Figure 4.7, Chapter 4,). Desorption is unlikely, since Cu 

sublimes at 1150 K (20), which is also the observed desorption temperature for Cu from the 

surface of Cu 3-D nuclei on oxidized W(110) (20). Although de-wetting above 750 K 

cannot be ruled out, it must be noted that de-wetting temperatures observed for Cu on 

oxidized W(110) are close to 300 K (20). In any case, the monotonic decrease in Cu 

intensity above 750 K argues against nucleation alone as being responsible. Diffusion into 

the Ta substrate above 750 K is consistent with other diffusion measurements of Cu/Ta 

\ Carbon 

Fluorine-

Copper 

n—«—i—1—r 
250 350 450 550 650 750 850 950 1050 

Temperature ( K ) 

Figure 5.5. Variations in Cu, F and C surface coverages with temperature. 
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interfaces. Reported (2,3,21-24) failure temperatures of sputter-deposited Ta diffusion 

barriers (based on resistance measurements for 150 nm thick Cu films on Ta barriers) range 

from 590 K to 900 K, depending on deposition conditions. 

Effects of Atomic Hydrogen on Absorption of Cu(hfac)? on Ta 

The effects of atomic hydrogen on the Cu and F, C, O contamination after 

adsorption of Cu(hfac)2 were also examined. A well sputtered Ta surface was dosed with 

Cu(hfac)2 at 115 K and then heated to 450 K. As previously discussed, the Ta surface at 

this stage is characterized by Cu in the metallic state and a considerable amount of oxy-

hydrocarbon/fluorohydrocarbon contamination attributed to the decomposition of the hfac 

ligands. The carbon XPS spectrum (Figure 5.6a) shows CO (286 ev), metal carbides (283 

ev) and traces of hydrocarbon species (284.5ev). Figure 5.6b shows the fluorine XPS 

spectrum indicating some fluorocarbons (688 eV) and a significant amount of Ta 

fluorides (685 eV) (10). The Cu and O XPS spectra (not shown) are comparable to those 

shown in Figures 5.4c and 5.2f, respectively. Cu L3VV Auger lines (spectrum is 

comparable to Figure 5.4f) confirm that the Cu is already reduced by 450 K to Cu(0). 

After a brief exposure to atomic hydrogen at 450 K (procedures on generation of atomic 

hydrogen have been discussed in Chapters 3 and 4), XPS data indicate that most of the F 

and C contamination has been volatilized from the Ta surface. As shown in Figure 5.6, 

the effect of atomic hydrogen is more dramatically seen in the in the case of the removal 

of Ta-F from the surface. Figure 5.6b indicate that removal of CO is more facile than that 

of the carbides. The atomic hydrogen does not affect the adsorbed Cu on the surface as 
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there have been no significant changes in both Cu XPS intensities and peak shapes 

before and after atomic hydrogen dose. These initial studies indicate that atomic 

hydrogen has the potential for removing hydrocarbons and metal fluorides during Cu 

MOCVD on Ta. 

C (Is) Spectra F (Is) Spectra 

(d) After Exposure to D/D2 ,450 K 

(b) After Exposure to D/D2 ,450 K 

(a) Alter Cu(hfac), Dose and 

Heating to 450 K 

(c) After Cuthfac), Dose and 

Heating to 450 K 

298 296 294 292 290 288 286 284 282 280 278 695 693 691 689 687 685 683 681 679 677 675 

Binding Energy (eV) Binding Energy (eV) 

Figure 5.6. (a) and (c) are the respective C(ls) and F (Is) XPS spectra of a Ta surface 
dosed with Cu(hfac)2 at 115 K and then heated to 450 K. (b) and (d) are the 
corresponding C(ls) and F(ls) XPS spectra, respectively, of the surface with the Cu 
adsorbate after exposure to a flux of D/D2 (lxlO-5 Torr for 600 s). 
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TPD Studies 

Experimental Method 

The TPD experiments were carried out in the UHV system with AES, LEED and 

TPD capabilities described in Chapter 4 (see Figure 4.1). The Ta sample, a 

polycrystalline foil (0.003mm thick, 10x10 mm wide, 99.98 % purity) was spot-welded 

to two Ta leads and connected to the sample manipulator. To monitor the sample 

temperature, a chromel-alumel thermocouple was spotwelded to the back of the sample. 

The sample temperature was varied between 80 and 1300 K by a combination of liquid 

nitrogen cooling and direct current heating. Cleaning of the Ta sample was accomplished 

by a combination of Ar ion-sputtering (2kV) and heating to 1300 K. This procedure 

removed most of the carbon and oxygen containing impurities from the surface. The 

sample manipulator system could not be heated beyond 1500 K. Therefore, the removal 

of internal impurities from Ta could not be entirely completed. 

Similar to the TPD experiments performed with a TiN substrate (Chapter 4), the 

Cu(hfac)2 sample was sublimed at 353 K (80°C) and was admitted to the UHV chamber 

via a stainless steel leak valve and doser tube in proximity to the sample surface. No 

carrier gas was used for transport of the precursor vapor. Precursor decomposition on the 

walls was minimized by heating the doser lines to 353 K and pumping on the sample 

container before dosing to remove any decomposed fragments. Cu(hfac)2 exposures are 

reported in terms of background pressure and time of exposure; one Langmuir (L) = 10"6 

Torr-s. Exposures have not been corrected for directional dosing or ion-gauge 
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sensitivity. 

The TPD experiments were carried out in the same way as described in Chapter 4. 

The Ta substrate was dosed with the precursor at 85 K and then heated at a linear rate of 

10 K/s ± 2K/s. AES was not done prior to TPD to prevent premature decomposition of 

the adsorbed precursor (for substrate temperatures less than 300 K) by the electron beam. 

As in TPD experiments involving TiN substrates, the Cu(II) precursor decomposition 

fragments (19,25,26,27) monitored included: CF3+(amu 69), CF+(amu 31), CO+(amu 

28), H+(amu2),COF+(amu47),CF2
+(amu50),F+(amul9), Cu+(amu63,65), 

CF3CO+(amu 97) and CF3COCHCO+(amu 138). Monitored heating to 1300 K was 

performed to determine Cu desorption at elevated temperatures. 

The identification of species and quantitative analysis of the atomic concentration 

(11,28) of the impurities and adsorbates on the Ta substrate were carried out in a similar 

fashion as described in Chapter 4 (Equations 4.3 and 4.4). The peak-to-peak AES signals 

of the different surface species were measured and the relative ratios were calculated 

(28). Equation 5.1 was also used to calculate for the adsorbate coverage of substrate 

covered by a partial monolayer of species (e.g. C, O.) and relative atomic concentrations 

of the adsorbed species. 

Results and Discussion 

Figure 5.7a shows the Auger spectrum of a typical clean and pre-Cu(hfac)2 dosed 

polycrystalline Ta surface. As mentioned previously, the complete removal of O and C 

contamination is more difficult in the case of polycrystalline Ta compared to TiN. 
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Repeated sputtering and annealing of the Ta surface did not readily produce O and 

carbide free-surface. Based on AES calculations, the typical well sputtered and annealed 

Ta surfaces used for the experiments have relative C/Ta and O/Ta atomic concentrations 

of 0.10. Figure 5.7b shows the Auger spectrum of a polycrystalline Ta surface after a 70 

L Cu(hfac)2 dose and annealing to 900 K. AES data indicate Cu formation (Cu Auger 

peaks at 60 eV and 920 eV) on the Ta surface after Cu(hfac)2 dose and TPD. The Cu 

Auger peaks are relatively small in intensity compared to the other peaks. This is 

indicative of a very low sticking coefficient of the Cu(hfac)2 on the surface. The low 

intensities of Cu peaks may also be attributed to loss of Cu atoms due to diffusion 

through grain boundaries. From the XPS data (Figure 5.5), diffusion into the bulk has 

been observed to occur above 750 K. It is noteworthy that Cu has been observed to form 

on the Ta surface after Cu dose and TPD even for very low exposures (less than 14 L). 

This in direct contrast with the observation on TiN single crystal surface where no Cu is 

formed after TPD annealing. Figure 5.8a-d shows the desorption peaks of several 

products from the interaction of Cu(hfac)2 with the Ta surface. In contrast to results 

obtained from reaction of Cu(hfac)2 with TiN (see Chapter 4, Figure 4.2), the most 

intense desorption peaks occur below 450 K. The majority of the monitored mass 

fragments desorb within the regions between 150 - 250 K and between 250 - 300 K. The 

TPD signals for F (amu 19) and CO (amu 28) (TPD spectra not shown), CF3 (amu 69) 

(Figure 5.8c) and CF (amu 31) (Figure 5.8d) were detected until the end of annealing 

(900 - 1000K). These TPD signals are the most intense of all the other TPD signals (amu 
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= 2, 47, 50, 63,65,97,119,138). 

Figure 5.8d indicates that a CF-containing product starts to desorb at 150 K, at a 

lower temperature than the other major mass fragments. The CF+ peak is most intense 

between 200 and 250 K. The CF desorption within this region is accompanied by a 

concurrent desorption of CF2, CF3, CF3COCHCO and CF3CO, all possible fragmentation 

products of hfac ligands. No significant Cu peak (Figure 5.8c) is observed below 250 K. 

Analysis of the relative intensities of the TPD peaks reveals that the complex desorption 

pattern between 150 - 250 K can be attributed to a mixed desorption of fluoro-

hydrocarbon species (25,26,27). The ratios do not correspond to the expected ratios for 

an intact precursor desorption (25). Thus, this region below 250 K which is marked with 

substantial CF and CF3 species and the absence of Cu, can be mainly attributed to 

desorption of precursor decomposition products during dosing of the Ta surface with 

Cu(hfac)2. These results agree with the previous XPS results discussed earlier. XPS 

spectra (Figures 5.2 and 5.3) of C, F, O, and Cu indicated condensation of Cu(hfac)2 on 

the Ta surface when dosed at low temperatures (T< 200 K). Analysis of the XPS spectra 

suggested multilayer formation and the presence of considerable precursor decomposition 

during dosing. XPS data also indicated that at T < 200 K, the Cu(hfac)2 remains 

undissociated on the surface, but upon heating to 300 K the precursor is converted to 

adsorbed Cu(I)(hfac) and hfac intermediates. Moreover, the Cu(I)hfac species has been 

observed to be directly reduced to Cu(0) by heating to 450 K. The Cu reduction was not 

marked with a 50% decrease in Cu XPS intensity which should otherwise give evidence 
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for a disproportionation reaction mechanism. 

The correspondence of the Cu peak (Figure 5.8a) with various organic fragments 

(Figure 5.8b-d) indicates that an organo-copper specie(s) desorbs between 250 and 300 K. 

Figure 5.8c shows that the Cu desorption is coincident with desorption of hfac fragments. 

The presence of CF3 (Figure 5.8c) and CF3COCHCO (Figure 5.8b) and (CF3CO) 

(spectrum not shown) signals give evidence for the hfac desorption. Comparative 

analysis of the peaks areas of the hfac and Cu fragments indicates that CF3 to Cu ratio is 

4.00 (corrected for detection sensitivity (29). This calculated ratio of CF3/Q1 peak areas 

is twice the reported literature value obtained by the mass spectral analysis of Cu(hfac)2 

(25). The calculated ratio is also much larger than the 1:1 mass spectral intensity ratio for 

CF3/CU reported recently (27) for the fragmentation of Cu(hfac)2. Thus, the high CF3 

intensity suggests that there is considerable decomposition of Cu(hfac) and/or hfac that is 

occurring on the Ta surface below 300 K. 

The TPD spectra indicate that no further desorption of Cu-containing species is 

observed above 300 K. As previously mentioned, the CF3 peak and CF peak have tails 

which extend beyond 300 K. This shows that the remaining Cu(I)hfac-containing species 

on the surface are decomposed over a broad range of temperature. This is consistent with 

the XPS data (Figure 5.4) which show that the Cu(I) species are reduced to metallic Cu 

on the surface above 300 K without an accompanying disproportionation reaction. If a 

disproportionation mechanism is occurring then the spectrum should have shown Cu and 

other hfac species desorption peaks for T > 300 K. 
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As mentioned earlier, Auger spectra of the Ta surface after the TPD to 900 K 

(Figure 5.7b) indicate Cu(0) formation. AES analysis indicates an increase in C and O 

contamination after Cu dose and annealing to T >800 K. No significant F Auger signal 

(650 eV) is observed after the TPD although it is present after Cu dose and prior to 

annealing. Fluorine, carbon and oxygen contamination are expected to form on the 

surface if the reduction of Cu(I)hfac species to Cu(0) occurs through decomposition vs. 

disproportionation. There are two possible explanations why F is not observed on the 

surface after TPD. First, the F atoms may have diffused into the Ta bulk. Second, the F 

must have also desorbed in the form of fluorohydrocarbons. This is indicated by the wide 

desorption temperature of F, CF, CF2 and CF3 fragments. Previous XPS results (Figure 

5.5 and 5.6) indicated F (in the form of Ta fluoride at T > 450 K) on a similar Ta surface 

dosed with Cu(hfac)2. Significant reduction of fluorine XPS intensity is observed above 

750 K. 

The proposed overall reaction mechanism of Cu(hfac)2 interaction with the 

polycrystalline Ta surface is summarized below: 

(5. 3a) Cu(II)(hfac)2(g) Cu(II)(hfac)2 (a) 

(5.3b) Cu(II)(hfac)2 (a) -> Cu(I)(hfac)(a) + hfac (a) 

(5.3c) Cu(I)hfac(a) -> Cu(0)(a)+ decomposition organic products (adsorbed and/or /desorbed) 

(5.3d) (hfac)a —» various decomposed organic products (a) and/or (g) 
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Copper/Ta(polv): TPD of Cu above 900 K 

To study the stability of the Cu adlayer on the Ta substrate, a clean Ta surface was 

exposed to different coverages of Cu(hfac)2, and in some cases with another Cu 

precursor, Cu(I)(hfac)(COD) at 85 K. The Ta subtrate dosed with precursor was then 

heated to 1250 K (rate =10 K/s) while monitoring the desorption of the Cu with the mass 

spectrometer. Heating was normally stopped at 450 K or 900 K to measure the Cu AES 

intensity. Cu(I) precursor was used to deposit Cu to deposit a larger amount of Cu on the 

surface. No Cu containing species desorb between 450 and 1000 K (TPD spectra not 

shown). There were also no significant changes in the Cu AES intensity in between these 

temperatures. However a Cu desorption peak (amu 63/65) not associated with organic 

fragments was observed at ~1100 K (Figure 5.9). Figure 5.10 shows a comparative Cu 

desorption spectra for a Ta substrate dosed with Cu(I)(hfac)(COD) vs. Cu(II)(hfac)2. It is 

apparent that the Cu desorption occurs above 1050 K whether a Cu(I) or a Cu(II) 

precursor is used. As previously indicated by XPS data (Figure 5.5), a substantial 

decrease in Cu XPS intensity occurs upon heating the Ta substrate to 950 K. The 

decrease in Cu intensity was attributed to diffusion of the Cu into the Ta bulk. Resistance 

measurement studies also indicate that Cu diffuses rapidly into a polycrystalline Ta 

substrate through grain boundaries at temperatures above 900 K (24). Therefore, the 

result here suggests that although diffusion along grain boundaries might be occurring 

near 900 K, there are certain sites on the Ta surface where Cu adhere more strongly as 

evidenced by the high temperature desorption. 
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Figure 5.9. TPD spectra which show Cu desorption at T~ 1100K from 
Ta surface as function of initial Cu coverage. Cu(I)(hfac)(COD) was used 
as the Cu precursor for this set of TPD experiments. 
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Figure 5.10. TPD spectra which show that the high temperature Cu desorption occurs 
on the same temperature regardless of the type of Cu precursor used for deposition. 
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Summary and Conclusions 

The XPS and TPD/AES data presented in this chapter demonstrate that Cu(hfac)2 

adsorbed on polycrystalline Ta is reduced directly to metallic Cu by 450 K under UHV 

conditions. The reduction of Cu occurs without the application of hydrogen or other 

external reducing agent. The reduction is marked by a decrease (about 22% from XPS 

measurements) in Cu intensity, but this decrease is inconsistent with a disproportionation 

reaction proposed for Cu reduction on TiN (as discussed in Chapter 4) and other metals. 

Between 450 K and 750 K, there is no observable decrease in relative Cu intensity. The 

relative Cu intensity decreases above 750 K, becoming more pronounced above 950 K. The 

decrease in Cu intensity can be attributed to the grain boundary diffusion, as TPD results 

indicate that no Cu desorption occurs between 450 K and 950 K. 

The reaction of Cu(hfac)2 with Ta differs significantly from those observed for TiN 

and Ag (Chapter 4, ref. 15,19,30,31). As with other surfaces, Cu(hfac)2 decomposes to a 

Cu(I) intermediate by 300 K as indicated by the XPS results. However, the TPD results 

show that the hfac moiety appears to undergo greater decomposition on Ta than either TiN 

(19,24) or Ag (15) surfaces. The Cu(I) -» Cu(0) reduction occurs without 

disproportionation, although large decreases of F, C and O appear to coincide with this 

change in Cu oxidation state. Since the unaided Cu(II) Cu(0) reduction, no 

disproportionation, and the observed facile decomposition of the adsorbed hfac from the 

surface appear to be unique to Ta, these features are related. As pointed out in the previous 

chapters, both UHV (15,31) and low-pressure CVD studies (30) suggest that the rate 
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determining step for Cu deposition from Cu(hfac)2 onto TiN, Ag and other reactive surfaces 

involves the protonation of hfaca and its desorption from the surface. The use of atomic 

hydrogen (deuterium) as an external reducing agent permits hfac removal from the surface 

(30,31) and Cu film growth (32) at temperatures well below the 520 K minimum 

temperature typical of Cu(hfac)2 depositions, due undoubtedly to the lack of activation 

energy for H2 dissociation. Such a source of dissociated hydrogen may be present on Ta 

surfaces at temperatures above 300 K due to the high solubility (24) of hydrogen in the 

material. Dissolved oxygen may also play a part by reacting with organic moieties and 

desorbing carbon in the form of CO or CO2 as indicated by TPD results. If this is true, then 

the hydrogen in Ta apparently also allows for the direct reduction of Cu(I) to Cu(0), rather 

than disproportionation. Why reduction without disproportionation should occur in this 

case and not, e.g., for Cu(I)(hfac)a on TiN exposed to atomic hydrogen (29) is not apparent. 

The observed 22% decrease in relative Cu XPS intensity between 300 K and 450 K may 

also be due in part to the desorption of a Cu-containing organometallic species. 

The unusual reactivity of Cu(I)hfaca species on the Ta surface may effect adhesive 

qualities. Cu adhesion to the W(110) metal surface is known to be weakened by the 

presence of a thin surface oxide (20). Such an oxide is readily present on TiN surfaces 

under industrial CVD conditions, and has been shown to inhibit nucleation of a conformal 

copper layer during CVD (33). The ability of Ta to chemically bond to and reduce Cu 

atoms, even in the presence of partial surface oxygen coverage, may lead to improved 

adhesion of MOCVD Cu to Ta vs. TiN under non-UHV conditions. The presence of high 
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temperature Cu desorption, above the temperatures where there is observable Cu diffusion 

into grain boundary, further indicates that the Ta surface might offer better Cu adhesion and 

stability against diffusion under actual processing conditions. 
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