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ABSTRACT 

Low resistance gate level interconnects can free the design of 

VLSI circuits fram the R-C time constant limitations currently imposed 

by poly-si licon based technology. The hotwal I low pressure chemical 

vapor deposition of molybdenum and tungsten si licide from their 

commercially avai lable hexacarbonyls and si lane is presented as a 

deposition method producing IC-compatible gate electrodes of reduced 

resistivity. Good hotwall deposition uniformity is demonstrated at low 

temperatures (200 to 300 C). The as-deposited fi Ims are amorphous by x

ray diffraction and can be crystallized in subsequent anneal steps with 

anneal induced fi 1m shrinkage of less than 12 percent. Surface oxide 

formation is possible during this anneal cycle. Auger spectroscopy and 

Rutherford backscattering results indicate that si licon-rich fi Ims can 

be deposited, and that the concentrations of carbon and oxygen 

incorporated fram the carbonyl source are a function of the deposition 

parameters. At higher deposition temperatures and larger source 

throughput the impurity incorporation is markedly reduced. Good fi 1m 

adhesion and excel lent step coverage are observed. 

Electrical measurements show that the fi 1m resistivities after 

anneal are comparable to those of sputtered or evaporated si licide 

fi Ims. Bias-temperature capacitance-voltage measurements demonstrate 

that direct si I icide gate electrodes have properties comparable to 

standard rnetal-oxide-si licon systems. The substitution of CVD si licides 

xi i i 



xiv 

for standard MOS gate metals appears to be transparent in terms of 

transistor performance, except for work function effects on the 

threshold voltage. The large ~~fer throughput and good step coverage of 

hotwall low pressure si licide deposition thus promises to became a 

viable alternative to the poly-silicon technology currently in use. 



CHAPTER 1 

INTRODUCTION 

The topography of very large scale integrated (VLSI) circuits 

is characterized by narrow lines with fine pitch, near-vertical steps, 

thin gate dielectrics, and shallow junctions. As interconnect lines 

become narrower due to size scaling and as they become longer because 

of larger die sizes used for more complex circuitry, interconnect 

resistance increases. The large number of steps in VLSI circuits add 

resistance because of reduced metal step coverage. Contact resistances 

of scaled down contact windows further contribute to the total 

resistance value. 

The faster switching speed of individual transistors gained by 

shrinking device dimensions is thus partially offset by increasing 

interconnect delay times, as evidenced in Figure 1.1 [Murarka, 1983]; 

here the R-C time constants of 1 em long lines of selected materials 

are compared to the delay time per MOS stage. It is seen that severe 

degradation of circuit performance can be expected as minimum circuit 

dimensions continue to shrink. In particular in memory applications 

this degradation can be measured in terms of the access times required 

to retrieve information. As an example, the access time of a 4 kilobit 

static memory chip is shown in Figure 1.2 as a function of minimum 

feature size [Ghate and Fuller, 1981] for both standard poly-silicon 
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Fig. 1.1 The RC Time Constant of Doped Poly-Silicon ( 30 n/square ), 
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and refractory interconnects. As circuit dimensions shrink below the 

currently employed 2 ~m design rules, the gains in transistor switching 

speed are more than offset by the high resistance of poly-silicon 

interconnect lines. 

Device scaling also subjects the interconnects to higher 

current densities, raising potential concerns with electromigration. 

Combined with the higher interconnect resistance, IR voltage drops in 

the circuit can thus reduce noise margins. Finally, the number of fine 

5 6 line interconnects needed to wire up the 10 to 10 transistors of a 

VLSI chip consume appreciable area and make multilevel interconnect 

schemes necessary. Current materials for interconnects can therefore 

dominate VLSI circuit design because of the gate-lead R-C time 

constants, electromigration problems, as well as the area they consume 

on the chip. Consequently, numerous studies have investigated possible 

improvements in interconnects for VLSI applications and various 

alternatives have been suggested [Sinha, 1982; d'Heurle, 1982; 

Mohammadi, 1981]. 

Choice of Material 

Selection of the appropriate interconnect material will be 

based on the requirements of specific applications involved plus the 

following, more general process constraints of the IC fabrication 

sequence: 

1. High-Temperature Process Compatibility - The electrode material 

must withstand the high temperatures encountered during integrated 

circuit processing and still retain its metallurgical integrity. This 



means that its melting point should be much higher than conventional 

processing temperatures attained after the metalization step, i.e. 

during ion implant anneal (about 900 to 1000 C). 

5 

2. Thermal Oxidation Compatibility - Formation of an insulating 

layer on the top surface of the gate electrode and interconnect layers 

is necessary to isolate them from subsequently deposited conducting 

layers and protect it from prolonged exposure to oxidizing ambients. 

Vapor deposited Si02 and Si3N4 can be used for this application; 

however, thermally grown Si02 is generally of superior quality and will 

thus improve device yield and performance. 

3. Chemical Resistance - The electrode material should not be 

affected by the chemicals used in the standard fabrication of IC's, 

i.e. H2S04 , HN03 , HCl, HF. It must also be able to resist the common 

cleaning reagents for silicon, i.e. mixtures of H2S04 , HCI, and NH40H 

with H202 , since the wafers will have to be cleaned prior to any high 

temperature exposure. 

4. Stability During and After Final Meta1ization - Aluminum is 

widely used as the last meta1ization layer to provide electrical 

interconnections to the outside world in multilayer structures. The 

final step in the aluminum metalization process is a wafer anneal at 

400 C to 500 C which improves the ohmic contact of aluminum to silicon, 

removes oxide damage created during metal evaporation, and reduces the 

density of surface states at the oxide/silicon interface. The 

electrode material should be metallurgically compatible with Al at 

these sintering temperatures. 



5. Small Grain Features - When a material with small grains is 

subjected to high-temperature processes, grain growth may occur, and 

larger grains will cause difficulties in lithographic processing steps 

and impede uniform etching of the material. It is evident, therefore, 

that electrode material wherein grain growth is minimal and grain size 

is small will facilitate the etching of submicron lines which is 

essential for higher packing density. 

6. MOS Properties - The electrode material must be compatible with 

current fabrication processes, and MOS devices fabricated from such 

materials should exhibit good Si02/Si interface properties (low Q and Ss 

7. Electromigration Resistance - It is essential for the electrode 

material to be stable at the high-current densities observed in thin 

film interconnect materials. The use of alloys or heavy metals may 

improve electromigration problems. 

8. Step Coverage - With shrinking device dimensions line width and 

height are of comparable size, resulting in poor step coverage of 

interconnect layers and subseq~ent failure of circuits due to open 

connections. The deposition process employed must be able to provide 

interconnect layers with good step coverage. 

The currently predominant poly-silicon gate technology is well 

adapted to most of the above requirements. However, as device 

dimensions shrink, the sheet resistance of polycrystalline silicon 

films, about 20 to 40 ohms/square, becomes prohibitively high. 

Although the grain size in as-deposited poly-silicon can be very small, 

subsequent high temperature processing will markedly increase grains 



[Kamins, Mandurah and Saraswat, 1978], causing problems in the 

definition of very fine lines. 
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Refractory metals such as molybdenum and tungsten, on the other 

hand, cannot withstand·oxidizing ambients at high temperatures, since 

they form volatile oxides. They are also soluble in the chemicals used 

for wafer cleaning. While multilevel interconnect systems as well as 

gate level performance have been demonstrated for both molybdenum and 

tungsten [Miller and Beinglass, 1982; Engeler and Brown, 1972], their 

use as a gate electrode material is limited because of above 

deficiencies. 

Some of the transition metal silicides, in particular the 

disilicides, meet electrode material requirements and are similar to 

poly-silicon in their physical and chemical compatibility to Ie 

processing [Mohammadi, 1981; Geipel et aI, 1980]. Because of their 

reduced resistivities over poly-silicon (approximately by a factor of 

ten), high melting points, chemical inertness, match of thermal 

expansion coefficients to those of Si and Si02 , oxidation resistance, 

and their work functions (Table 1.1) these silicides appear to be the 

most suitable candidates for VLSI gate materials [Sinha, 1982; Murarka, 

1980; d'Heurle, 1982]. 

Among the more commonly investigated silicides are WSi2 

[Saraswat, Mohammadi, and Meindl, 1979], MoSi2 [Mochizuki et aI, 1980], 

TaSi2 [Sinha, 1981], and TiSi2 [Haken, 1983], which can be subdivided 

into two groups. A comparison of their resistivities (Figure 1.3) 

shows that group IV A silicides are preferrable over other silicides 

for low resistance interconnects. However,chemical properties of the 



Table 1.1 List of Physical and Chemical Properties of 
Si I icides and Poly Si licon 

Property 

Room Terrperature 
Re sis t i v i t y ( 11 f.l em) 90-100 70 38-55 13-25 

Melting Point (C) 1980 2165 2200 1540 

Thermal Expansio~6 
Coefficient (10 IC) 8.25 7.9 10.7 12.5 

Work Function (eV) 4.25 4.8 4.15 4.25 

Schottky Barrier Height 
to n-type Si licon (eV) 0.55 0.65 0.59 0.6 

Lowest Eutectic 
Temperature (C) 1410 1440 1385 1330 

Micro Hardness 2 
(kg/nm ) 1250 1300 1407 892 

Insoluble in A,B ,C A,C D A,B,C 

Soluble in F F E E 

Aqueous Alkali, C Aqua Regia, 

8 

Poly-Si Ref. 

1000 1,2 

1685 1 

3 1 

2 

1 ,2 

1 

1200 3 

A,C 1 ,2 

F 1 ,2 

A Mineral Acids, B 
D H2S04 + H20 2 , E HF containing solutions, F HF/HN03 

References: 

1: [Murarka, 1983], 2: [Mohanmadi, 1981], 3: [Mason, 1979] 
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various silicides favor group VI A materials. Since the oxides of 

molybdenum and tungsten are volatile at medium (600-800C) temperatures 

and can also be chemically removed, group VI A silicides have fewer 

contact resistance problems. Titanium and tantalum, on the other side, 

form very stable oxides which may cause difficulties during the 

adaptation to existing fabrication sequences. No reliable process for 

removing these stable oxides has been developed to date. The scope of 

this work was therefore limited to the investigation of group VI A 

silicides as the material of choice for VLSI gate interconnect layers. 

Digital and analog circuits differ widely in their requirements 

for interconnects and it is predominantly in digital circuits that VLSI 

densities are encountered. Digital circuits are used mainly in 

computing devices, in which central processing units, memory chips, or 

other peripheral support chips are needed. Each of these designs puts 

constraints of its own on the fabrication process, and usually a close 

interaction occurs between circuit function and design on one hand and 

the fabrication technology on the other [Cohen, 1983]. However,in 

order to discuss a common and typical example, a dynamic random access 

memory cell (DRAM) is shown in Figure 1.4 [Sze, 1983]. 

The dynamic RAM requires only one transistor and one storage 

capacitor per bit of information, which makes it the design of choice 

for large capacity memories (over 16 kilobit). Additional circuitry 

not shown here is required to sense and refresh the data in the dynamic 

cells. When a word and bit line are simultaneously addressed (brought 

to a high voltage), the access transistor is turned on and charge is 

transferred into the storage capacitor via the bit line. The amount of 
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Fig 1.4 Cross-section of a High Capacitance Dynamic 

Random Access Memory Cell (DRAM). 
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charge that the bit line must supply to the storage capacitor is 

measured by the sensing circuitry, and this information is used to 

interpret whether a "zero" or "one" had been stored in the cell. The 

sense circuitry then restores full charge in the capacitor, if it had 

been there originally, or fully depletes the capacitor if little charge 

had existed originally. 

It is easily seen that for large cell arrays the capacitance 

and resistance of the bit line as well as the word-line can be limiting 

factors in the performance of dynamic RAM's. High temperature 

processing after transfer-gate formation prevent the use of aluminum 

which makes the word-line an ideal subject for the silicide technology 

discussed here. Experimental chips carrying 256 kilobit of dynamic RAM 

have been fabricated using various silicides [Beresford and Lineback, 

1983], which show drastic improvements in access times over standard 

poly-silicon RAM's. 

Choice of Deposition Method 

Various deposition methods can be employed to obtain the 

desired thin film. Generally these methods can be separated into the 

two groups of physical vapor deposition (PVD) and chemical vapor 

deposition (CVD) [Powell, Oxley, and Blocher, 1966]. Three basic 

processes occur in either method: (1) volatilization of the starting 

material, (2) transport of the gaseous material from source to 

substrate, and (3) nucleation and growth at the substrate. 

In PVD methods, it is the absence of equilibrium between film 

and vapor that provides the drive for the condensation of the 
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evaporant, and hence, the growth of the film. Sputtering and 

evaporation are the most commonly used techniques to volatize the 

starting materials. The transport of the gaseous material in high 

vacuum equipment is restricted to line-of-sight deposition only and the 

subsequent condensation from the vapor phase is a non-equilibrium 

process, which can result in high growth-induced stresses in the film. 

The substrates are usually kept at temperatures only slightly above 

ambient during deposition which makes PVD methods applicable to any 

substrate material capable of withstanding vacuum environments. 

Inherent in the CVD process is the thermal equilibrium of the 

growing film with the substrate. The substrate temperature in CVD 

systems may vary from just above ambient to 1000C or higher, depending 

on the chemical reaction. The high deposition temperatures limit the 

range of useful substrate materials to those with high melting points 

and require that the substrate be chemically inactive at the 

temperature of deposition. The gas stream temperature, lower than the 

substrate temperature, must nevertheless exceed the condensation point 

of the reactants at the operating pressure, or condensation will occur. 

If the gas stream temperature and/or pressure are too high for a given 

reaction, gas phase decomposition will take place. Material transfer 

from the source to the reaction chamber proceeds via volatile 

reactants, which at the substrate temperatures involved, chemically 

interact to form the desired solid phase plus gaseous byproducts. The 

chemical reactions involved are usually surface activated, providing an 

even, conformal coating over the entire substrate independent of its 

shape. 



Current research on the preparation of refractory metal 

silicides for interconnect layers focusses mainly on physical vapor 

deposition methods. The most commonly used methods for forming 

silicides by PVD are: 

1) Coevaporation or cosputtering from two sources 

2) Sputtering from a composite target 

3) Metal evaporation and subsequent sinter with an underlying silicon 

layer 

4) Reactive sputtering or evaporation using silane 

14 

The main advantage of physical vapor depositions is the very 

general nature of the process in which the vapor of the elements 

desired is transferred to the substrate. Only in very few cases of 

highly refractory materials will PVD methods fail. The stochiometry of 

PVD films can be adjusted over a wide range through the control of 

various process parameters. A comparison of different silicides is 

therefore possible, both for different stochiometries of the same 

source compounds and for different starting materials. These 

advantages make PVD fabrication techniques desirable tools for research 

and development efforts. Its use in actual production environments, 

however, is severely limited by the low throughput capability and the 

need for very tight and elaborate process control, without which long 

term reproducibility of the deposit cannot be achieved. Other commonly 

observed problems include the unsatisfactory step coverage resulting 

from the line-of-sight deposition and film adhesion deficiencies caused 

by built-in stresses which have to be eliminated through complex 

substrate heating schemes. Overall, physical vapor deposition for IC 



processing exhibits a much greater degree of complexity than 

corresponding CVD systems, and at the same time lacks the high 

throughput obtainable with CVD. 
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Chemical vapor deposition, on the other hand, has only limited 

control over film stochiometry and usually provides little opportunity 

to swap source materials. Only few general classes of reactions can be 

identified and treated under a common theory, because the details for 

each reaction differ from element to element. Physical, chemical, and 

thermodynamical aspects have to be considered for every proposed 

reaction anew and usually the process must be designed for a particular 

end product. Furthermore, since the starting reactants have to be 

chemically active, the handling of CVD source materials is 

intrinsically more hazardous than that of PVD sources. Yet, once the 

chemical vapor deposition of a specific compound has been established, 

its advantages far outweight those of comparable PVD methods. Because 

the reaction is surface activated, deposits are conformal and the step 

coverage of the films is excellent. The deposition systems can usually 

be kept simple, since the film stochiometry of compounds is not very 

sensitive to process parameters; this is mainly due to the chemical 

nature of the reaction. Film properties like uniformity, structure, 

and density are superior in low pressure CVD operation, when compared 

to standard PVD methods. The deposition in thermal equilibrium reduces 

growth-induced stresses and results in better adhesion of the thin 

film. Because of the high throughput capabilities at low source 

material consumption hotwall low pressure CVD has become an industrial 

standard in microelectronics for such materials as epitaxial and 



polycrystalline silicon, silicon nitride, and silicon dioxide films 

[Monkowski, 1984]. 
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It is the thrust of this work to expand these benefits of CVD 

operation to the emerging field of refractory metal silicides for VLSI 

gate applications. Using volatile transition metal compounds, the 

hotwall low pressure chemical vapor depositions of MoSi2 and WSi2 are 

evaluated in Chapter 2. The benefits gained from using halide 

transition metal sources are compared to the use of carbonyl compounds 

and the thermodynamics of the proposed reactions are investigated. 

Because of the chemical similarity of transition elements within the 

same group, both the deposition of molybdenum and tungsten silicide can 

be treated simultaneously in this work. Chapter 3 will then relate the 

theoretical predictions to the actual experiment and define the 

conditions under which refractory metal silicides can be deposited in a 

hotwall LPCVD environment from silane and tungsten-or molybdenum 

hexacarbonyl. Since the as-deposited films are amorphous or very 

finely polycrystalline, their high temperature anneal behavior is 

described. The structure and composition of as-deposited and annealed 

silicides form the main topic of Chapter 4, which summarizes Auger 

results, RBS measurements, X-ray diffraction, and SEM data. Studies of 

the electrical performance of the deposited films are reported in 

Chapter 5, in which the deposition process is incorporated into the 

fabrication flow of MOS integrated circuits. Test devices were 

fabricated and evaluated to determine the usefulness of the chemical 

vapor deposited silicides. Gate short statistics, step coverage, 

contact resistance, C-V bias temperature measurements of gate / gate 
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electrode stacks, Schottky-diode behavior and transistor performance 

have been studied in order to ascertain that the proposed process is a 

viable alternative to the existing poly-silicon technology. Finally, 

in Chapter 6 the results are summarized and the applicability of the 

process to VLSI fabrication is discussed. 



CHAPTER 2 

THE CHEMICAL VAPOR DEPOSITION OF REFRACTORY METAL SILICIDES 
FOR INTEGRATED CIRCUITS 

While it is almost always possible to deposit I a thin 

particular composition by either physical or chemical means, 

film of 

one method 

will usually be more practical and desirable. The main arguments for , 

our choice of depOSition method so far were based on the general 

superiority in step coverage and adhesion of CVD thin films as well as 

improved process control and throughput considerationB over PVD films. 

While these advantages are common to most CVD reactions, a choice has 

still to be made with respect to the process details. Particular 

concerns for the researcher lie in the choice of starting reactants, 

the thermodynamics of the resulting reaction, possible sources of 

impurities, and the operation of the deposition system. This chapter 

will address the topics in their given order and will guide the reader 

through the logical chain of decisions which resulted in the choice of 

the reaction presented. 

Classes of CVD Reactions 

Although the number of chemical transformations suitable for 

thin film deposition is rather large, one can classify the majority of 

them within the following categories [Kern and Ban, 1978; Holzl, 1968]: 

18 
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1) Pyrolysis. In many systems, deposits can be obtained through the 

thermal (pyrolytic) decomposition of a suitable gaseous species at the 

hot substrate surface. Organometallic compounds and hydrides are 

particularly suitable starting materials for this type of reaction 

because of their low bond strength. Typical examples are the pyrolysis 

of silicon from silane [Hey and Seraphin, 1982] and of molybdenum from 

molybdenum hexacarbonyl [Carver, 1980]: 

SiH4(g) =) Si(s) + 2H2(g) 

Mo(CO)6(g) =) Mo(s) + 6Co(g) 

2) Reduction. The most commonly used reducing agent is hydrogen. 

Combined with volatile halides of the desired element many depositions 

proceed analogous to the deposition of silicon from silicon 

tetrachloride [Ban, 1975] or tungsten from tungsten hexafluoride 

[Blacke, 1980]: 

SiC14(g) + 2H2(g) =) 8i(s) +4HCl(g) 

WF6(g) +3H2(g) =) W(s) + 6HF(g) 

3) Synthesis Reactions. This large field combines aspecta of the first 

two reactions to generate compounds of a desired stochiometry like the 

formation of Titanium carbide [Kern and Ban, 1978] through 

TiC14(g) + CH4(g) =) TiC(s) + 4HCl(g) 

or the deposition of silicon nitride from 
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4) Chemical Transport Reactions. Transport through the vapor phase can 

be employed where the difference in equilibrium constants for the 

reactant source temperature and the substrate temperature, 

respectively, favor opposite sides of the reaction equation, i.e. 

6GaAs(s) + 6HCL(g) <=) As4(g) + As2(g) + 6GaCl(g) + 3H2(g) 

Lowering of the temperature in the downstream position of the reactor 

reverses the reaction and thus initiates the deposition of GaAs. 

5) Disproportionation. If multiple stable stochiometries are possible 

for a compound, disproportionation may be employed in thin film 

depositions. Combination with the chemical transport described above 

is often possible. The disproportionation of silicon fluoride is given 

as an example. 

Most reactions known to date can be described in terms of these 

five categories. In many cases, especially where more than two 

reactants are involved, a combination of reactions is needed to 

describe the sequence of events and an analysis can become quite 

involved. 

Choice of Starting Reactants 

Requirements for CVD Sources 

The chemical and physical properties of the starting reactants 

are major determining factors in the success of the chemical vapor 

deposition. Among the properties required for the prospective sequence 



are: 

1) the proposed reaction involving the compound must be 

thermodynamically feasible, 

2) the reaction by-products must be volatile, 

3) all the starting reactant compounds must be volatile, 

4) the starting materials must not decompose at the temperatures 

required to volatize them (in both the solid and gaseous state), 
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5) all chemicals involved in the deposition reaction must be IC

process compatible and must not react with the substrate materials used 

(typically silicon and silicon dioxide), 

Other considerations of a more practical nature are: 

6) the toxicity of the sources, 

7) the ease of handling of the compounds, 

8) commercial availability of the sources, 

9) prior CVD use of similar materials, and 

10) the constraints of a given reaction on the deposition systems (i.e. 

hot wall versus cold wall, etc.) 

Comparison of Halide and Carbonyl Sources 

A good approach to solving the above constraints might begin 

with the investigation of item 3) in above list, the vapor pressures of 

likely candidates. Since silane, SiH
4

, is readily available and is 

already a gas, it is an obvious choice for the silicon containing 

reactant in the metal silicide deposition. The following section will 

consequently focus on the required properties for the refractory metal 

containing reactant. 
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Historically, the deposition of refractory metals has attracted 

considerable attention in various unrelated fields ranging from wear-

. and oxidation resistant coatings [Powell, Oxley, and Blocher, 1966] 

over metal interconnect layers for integrated circuits [Miller and 

Beinglass, 1982] to photothermal solar absorbers [Chain, Carver, and 

Seraphin, 1980]. Consequently, a host of data concerning the 

volatility of refractory metal compounds is available, especially on 

the more common halides and carbonyls of the transition metals. Figure 

2.1 shows selected vapor pressure data for the volatile compounds of 

molybdenum and tungsten [Lander and Germer, 1947; Kubaschewski and 

Alcock, 1979]. It can be seen, that the chemical similarities of 

transition metals within a group extend to their vapor pressures. 

While the fluorides of both Mo and Ware liquid around roomtemperature, 

their chlorides are crystalline and have rather high melting points, 

around 200C. The carbonyls are grouped in between with sublimation 

temperatures around 150C. Since gaseous compounds are most easily 

handled, WF6 and MoF6 are preferable in any application where the 

byproduct HF can be tolerated. Unfortunately, in our case, a thin gate 

oxide on the order of 250-350 Angstrom has to serve as substrate and HF 

carries the definite potential of attacking this layer. The 

alternative of choosing the chlorides of Wand Mo has the disadvantage 

that high source and line temperatures are required. Since the goal of 

the CVD reaction is the deposition of appreciable amounts of material, 

a minimum partial pressure of source material is required, typically on 

the order of 100-1000 mTorr in the deposition chamber. This translates 

to source temperatures in excess of 100C for both WC16 and MoC16 , which 
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in turn requires special gas manifold systems. 

All group VIA carbonyls, on the other hand, show vapor 

pressures high enough to limit source temperatures to SOC or less for 

CVD applications. This is well within current operating ranges of gas 

manifolds. Vapor pressure data consequently suggest the use of 

carbonyls, if no other serious deficiency is encountered. The 

chlorides can be kept in mind as alternate starting reactants. 

At the temperatures involved neither the halides nor the 

carbonyls of molybdenum and tungsten will decompose appreciably, 

satisfying requirement 4) above. Toxicity and ease of handling (item 6 

and 7) are comparable for halides and carbonyls, both being labeled 

toxic; possible liberation of acid fumes and carbon monoxide, 

respectively, require that the compounds are handled under fume hoods 

and, in the case of halides, contact with moisture must be avoided. It 

should be noted at this point that carbonyls can react with chlorine 

based compounds to produce toxic phosgene, COCI2 • While of no concern 

in the present work, this fact should be kept in mind, if modifications 

of the presented reactions are attempted. Available toxicity data of 

all source compounds discussed in this chapter are summarized in 

Appendix A. 

As already stated above, the CVD of transition metals has been 

investigated and applied quite frequently in previous work on metal 

coatings [Powell, Oxley, and Blocher, 1966; Shim, Haskell, and Byrne, 

1972] which satisfies items 8 and 9 of above list. This leaves the 

thermodynamic analysis and determination of reactor flow kinetics as 

the final points of this discussion (items 1,2, and 10). The reactor 
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flow kinetic has to be determined on the basis of the known reaction 

constraints, exothermic versus endothermic reaction behavior, and the 

geometry of the desired system. For the thermodynamical analysis, the 

possible reaction products have to be listed and their occurence and 

desirability have to be discussed in order to judge the merit of a 

specific source material for IC applications. A list of possible 

product species is therefore given in Table 2.1 for the proposed 

carbonyl sources. This list does not specify which reaction products 

are formed; it rather attempts to list the broadest spectrum of 

possible species. From these, thermodynamic considerations will 

eliminate most. Only some predominant species will be favored in the 

reaction. It can be seen that matters are complicated by the existence 

of three stable stochiometries of metal silicides, of which only the 

disi1icide is of use as an interconnect material because of its thermal 

stability and electrical conductivity. 

Reaction Thermodynamics 

Whether or not a reaction is likely to occur can be 

established from thermodynamic considerations (See also Appendix B). 

Given the general CVD reaction 

a AB(ads) + b CD(ads) (=> c AC(ads) + d BD(ads) (2.1) 

where (ads) indicates a chemisorbed species and the lower case 

letters are the stochiometric coefficients. In addition to (2.1) we 

also have 



Table 2.1 List of Possible Products for the Reaction of 
Hexacarbonyl and Si lane 

Phase 

Gas Phase 

Sol id 
E I ernent s 

Sol id 
Corrpounds 

Reactant Sources 

Me(CO)6 

Me = Mo and W, respectively 

Products 

02' H2 

CO, CO2 , CH
4

, CH20, 
CH

3
OH, C

2
H

S
OH 

H
2
0 

Me, S i, C 

MeSi 2 , MeSSi 3 , Me3Si 

Me02 , Me03 

Me2C, MeC 

SiO, Si02 

SiC 
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a) AB(g) <=) AB(ads) 

c) AC(s) <=) AC(ads) 

b) CD(g) <=) CD(ads) 

d) BD(g) <=) BD(ads) 

(2.2) 

where (g) and (s) imply that the compound is in the gas or in 

the solid phase, respectively. Combining (2.1) and (2.2) then yields 

the overall reaction equation 

a AB(g) + b CD(g) <=) c AC(s) + d BD(g) (2.3) 

As the reaction proceeds from left to right, equilibrium will 

eventually be established. The ratio of the product activities to the 

reactant activities at equilibrium defines the equilibrium constant K, 

which is related to the change of free energy for the reaction (See 

Appendix B for details). 

If the change of free energy of reaction, ~G~, is positive, K 

will be less than unity and the desired products will not form from the 

chosen reactants. 
o 

If ~Gr is negative for the reaction in (2.3), it 

does not necessarily mean that the reaction will occur, since (2.3) is 

the overall combination of (2.1) and (2.2). Anyone of the reactions 

depicted in (2.1) or (2.2) with a positive ~Go will prevent the entire 
r 

chain of events, even if the sum of all ~Go steps is negative. r 

Since in most cases data for the intermediate steps (2.2) are 

not available, only (2.1) can be evaluated thermodynamically. Positive 

changes in free energy of (2.1) will then definitely exclude the 

proposed reaction from happening. A negative ~G~ for (2.1), however, 

makes the reaction only probable, since all steps in (2.2) are usually 

associated with a change in energy. Only experimental verification 
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can ultimately determine whether or not the reaction occurs. 

The calculation of Gibbs energy as a function of temperature 

G(T) for each species involved in the reaction (taken from Table 2.1) 

is the first step in the thermodynamic evaluation. From Appendix B we 

know that 

and 

o 
H298 + (T-298) Cp 

[£n(T)-£n(298)]C 
p 

o 0 
H298 , S298' and Cp are tabulated for most compounds 

[Kubaschewski and Alcock, 1979; JANAF, 1971; Wicks and Block,1963; 

(2.4) 

Karapet'yants and Karapet'yants, 1970] and can therefore serve as basis 

for the computation of ~G~T). Table 2.2 shows a compilation of all 

thermodynamic data used in this work with their source of reference. 

o 
Once ~G(T) has been obtained for all species involved, a graphical or 

computer solution can be sought. 

Computer Solution for Multi-element Systems 

Particularly in a multicomponent system the computation of 

equilibrium concentrations can become quite involved and will require a 

computer solution. A fast iterative computer program, SOLGAS, has been 

developed for this purpose by Spear and coworkers [Spear and Wang, 

1980] based on the initial work by Eriksson [Eriksson, 1971]. The 

program requires the input of all species under consideration, their 



Table 2.2 Campi lation of Thermodynrunic Data for Species Given in 
Table 2.1 with Their Source of Reference 

Species 

SiH4 

Si02 

SiO 

SiC 

Mo 

W 

C 

°2 

H2 

Si 

Mo(CO)6 

Mo2C 

MoC 

Mo02 

Mo03 

MoSi 2 

Mo3Si 

Mo5Si 3 

o H298 

cal/mol 

7300 

-217700 

-24000 

-17500 

0 

0 

0 

0 

0 

0 

-235300 

-11000 

-2400 

-140500 

-178100 

-31500 

-27800 

-74100 

o 
S298 

cal/K/mol 

48.79 

9.91 

50.54 

3.97 

6.837 

7.806 

1.372 

49.005 

31.21 

4.498 

78.2 

15.7 

8.2 

11.95 

18.6 

15.55 

25.45 

49.7 

1 

3.314 26.536 - .118 

10.496 9.277 -2.313 

7.128 1.969 -.493 

12.39 .466 -11.76 

6.111 .681 -.522 

5.476 1.120 

.026 9.307 - .354 

7.16 1.00 -.4 

6.52 .78 .12 

5.455 .922 -.846 

49.05 37.0 

16.5 2.3 -2.74 

11.5 2.18 -2.91 

13.428 6.314 -1.589 

17.97 7.8 -2.1 

16.22 2.86 -1.57 

20.52 5.42 .076 

43.82 8.37 -2.87 
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Ref. 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

2 

1 

1 

1 

2 

2 

2 



Table 2.2--Continued 

Species 

W(CO)6 

W2C 

VIC 

002 

003 

WSi 2 

W5Si 3 

CO 

CO2 

CH4 

C2H2 

CH20 

CH30H 

C2H6O 

H2O 

o H
298 

cal/mol 

-226300 

-11000 

-9570 

-140940 

-201460 

-22200 

-32300 

-26420 

-94050 

-17880 

54190 

-27701 

-48592 

-57091 

-57795 

o 5298 

caI/K/moI 1 

79.3 39.3 62.6 

19.5 21.45 2.6 

7.74 10.367 2.064 

12.08 18.503 -1.675 

18.14 20.95 3.864 

15.3 16.21 2.64 

54.9 42.94 9.36 

47.216 6.79 .98 

51.066 10.55 2.16 

44.5 2.975 18.329 

48.004 10.427 7.565 

52.26 5.037 12.876 

55.333 1.03 30.766 

64.759 9.35 35.68 

45.106 7.17 2.56 

References: 1: Barin, Knacke, and Kubaschewski, 1973 
2: Kubaschewski and Alcock, 1979. 
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Ref. 

1 

-3.48 1 

2.227 1 

-4.42 1 

-4.182 1 

-1.46 2 

-2.13 2 

-.11 1 

-2.04 1 

.346 1 

-1 .794 1 

-.186 1 

1.084 1 

-1.38 1 

.08 2 
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G(T) data and parameters such as pressure, volume, temperature and 

number of moles of starting reactants. It then proceeds to calculate 

the equilibrium constants for all species listed by minimizing the free 

energy of the system. The equlibrium composition is obtained by 

iterating the set of non-negative mole numbers which: 

1. Give the lowest possible value of the total free energy of the 

system, and 

2. Satisfy the mass balance constraints. 

Since the program is rather long (approximately 650 lines of 

code), the reader is referred to the original references cited above 

for details. The output of SOLGAS will list the equilibrium amount of 

each species in moles for any requested temperature, pressure, and 

volume. Nonequilibrium reactions cannot be treated directly with this 

program. However, by modifying the input concentration of particular 

species, a quasi-equilibrium situation can be created, in which it is 

assumed that a given percentage of any gaseous compound under 

investigation is removed before a reaction will occur. 

In order to get a better feeling for the kind of answers SOLGAS 

can provide, a comparably simple pyrolysis of Mo(CO)6 was simulated 

first. Reaction products assumed to form included: 

Mo, C, 02' CO, CO2 , Mo2C, MoC, Mo02 , Mo03• 

A total amount of 1 mole Mo(CO)6 was used as starting material, at 

constant pressure of 1 atm and variable volume. The printout of SOLGAS 

for T = 773K is shown as an example in Table 2.3 and a plot of all 

major reaction products is given in Figure 2.2. 

Since much experimental work has been done on the pyrolysis and 
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Table 2.3 Example of Computer Printout Provided by SOLGAS 

Pyrolysis of Mo(CO)6 

T = 773.00 K 
P = 1.000 E+OO ATM 

X*/MOLE Y/MOLE P/ATM ACTIVI TV 

---
Mo(CO)6 .1000E+01 .1619E-31 .7876E-32 .7876E-32 

CO2 (G) O. .1994E+01 .9701 E+OO .9701 E+OO 

CO(G) O. .6129E-01 .2981 E-01 .2981 E-01 

°2(G) O. .2951 E-14 .1435 E-14 .1435 E-14 

MOLE FRACTICN 

Mo(S) O. .2528E-01 .6369 E-2 .6369E-2 

C(S) O. .3944E+01 .9936E+00 .9936E+00 

O. O. 

O. O. 

O. .9747E+00 

O. O. 

T = 873.00 K 
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hydrogen reduction of MO(CO)6' the results of this simulation can 

easily be compared to experimental data. In the model, the starting 

reactant decomposes at all temperatures,including room temperature. At 

low temperatures, below SOOC, Mo02 is the predominant phase, mixed with 

carbon resulting from the secondary reaction 

co + co <=) CO2 + C 

At higher temperatures, the disproportionation of carbon monoxide is 

reduced and elemental Mo becomes predominant. The inclusion of carbon 

drops rapidly toward zero at the same time. 

Experimental results [Lander and Germer, 1947] show that 

Mo(CO)6 begins to decompose at temperatures slightly above its 

sublimation p~int, lS6Cj the low temperature deposits are a mix of Mo 

with high percentages of oxygen and carbon in the film. Increasing 

deposition temperatures result in a reduction of these inclusions. 

Limitations of the Program 

Comparing model and experiment, we observe the following: 

1) General trends in model and experiment agree quite well. The stable 

products are predicted. 

2) Since Mo(CO)6 is an unstable compound, it will eventually decompose, 

even at room temperature. The liberation of carbon monoxide during 

this decomposition was the main reason, Mo(CO)6 and many other 

carbonyls were classified as toxic substances. While this 

theoretically predicted decomposition does occur, the rate is so low, 

that CVD applications are excluded. It is therefore noted that 
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thermodynamic modeling of a given reaction cannot produce the reaction 

rate; only the final equlibrium data are obtained. The actual speed 

with which a reaction proceeds must be found experimentally. 

3) In most applications the experimental system is an open flow system, 

in which by-products are continuously removed and reactants are 

continuously supplied. This type of system is obviously in a high 

state of nonequilibrium. The model, on the other hand, can only 

compute equilibrium concentrations for all species involved. As 

earlier mentioned, one can artificially reduce the amount of reactant 

by modifying the input data accordingly. This is equivalent to saying 

that a quasi-equilibrium pressure of compounds exists within the 

vicinity of the growing film. How high this quasi-equilibrium pressure 

is, will depend on experimental conditions like pumping speed, chamber 

pressure and deposition rate. 

4) The thermodynamical model will only take into account the reaction 

of given species. If the programmer omits one of the key species in 

the system, it will not be considered in the computation. Care has 

therefore to be taken to include all possible reaction products, if 

meaningful results are to be obtained. 

Silicide Formation and Impurity Concentration 

Keeping these limitations in mind, we can now turn to the 

simulation of disilicide formation from hexacarbonylmolybdenum or 

tungsten and silane. Using the list of possible reaction products 

given in Table 2.1 and the thermodynamical data compiled in Table 2.2, 

a matrix of deposition temperatures and flow conditions was scanned 
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using SOLGAS. Interest is obviously focussed on two questions: 

a) Under what conditions is the disilicide phase predominant, and 

b) What impurities will form, in what concentrations. 

To answer the first question, a sequence of simulations was 

performed with constant metal source concentration (1 mole) and 

increasing amounts of silane, scanning temperatures from 20 C to 1000 

c. Figure 2.3 shows a plot of major product species for a run of 10:1 

silane to hexacarbonyl molybdenum at 10% effective CO pressure. It is 

seen that a stable MoSi2 phase is predicted at temperatures below 700C, 

while above that the elemental metal and silicon predominate. Note, 

that SOLGAS predicts the total decomposition of silane for any given 

temperature, while exper~mentally the decomposition rate of silane 

below 500C can be neglected. Results from a matrix of different 

reaction temperatures and gas phase ratios are compiled in Figure 2.4 

where the number of moles of disilicide produced per mole carbonyl 

supplied is shown, plotted against the mole ratio of the reactants 

(silane/carbonyl) for both MoSi2 and WSi2• The temperature of reaction 

is used as the parameter in this plot. The formation of disilicide is 

a strong function of both the gas ratio and the temperature. It is 

seen that for low deposition temperatures, less than 500 C and above a 

critical reactant ratio of about 3, all carbonyl material is converted 

into the disilicide. At higher temperatures the amount of disilicide 

is reduced in favor of a mix of the elemental source components (metal 

and silicon). 
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Fig. 2.3 Theoretical Products for Molybdenum Silicide Deposition 

from Silane and Hexacarbonyl Molybdenum 
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The second question to be answered deals with the formation of 

undesired compounds during the chemical reaction. It is found that 

only the oxide and carbide of silicon appear in any appreciable amount 

in the model; the corresponding metal compounds are thermodynamically 

unfavorable. No other silicide phases besides the disilicide are 

predicted. The simulation shows that independent of temperature or 

flow ratios available oxygen will always be present in the form of 

Si02 , shown in Figure 2.5; it must be noted that this is probably an 

artifact caused by the assumption of chemical equilibrium during the 

calculations; in actuality the reaction rate will determine the amount 

of oxide incorporated' in the growing film. This knowledge is, however, 

useful in relating the model to the actual impurity concentrations, 

because it allows the determination of an effective CO vapor pressure 

over the growing film, as we will see in Chapter 3. The formation of 

silicon carbide, on the other hand, is a strong function of both the 

deposition temperature and the effective impurity concentration in the 

vici~ity of the growing film, as illustrated in Figure 2.6. Here the 

number of moles of SiC is plotted as a function of the effective 

concentration of CO in percent of the amount of hexacarbonyl 

introduced. All curves were run with 100:1 and 10:1 ratio of silane to 

metal source, assuming that only the indicated percentages of 

impurities will be available at the surface. Free parameter is again 

the deposition temperature. The simulation predicts that below 200 C 

all available carbon will be incorporated in the growing film as 

silicon carbide, independent of the speed with which the impurities are 
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Fig. 2.5 Theoretical Concentration of Silicon Dioxide in the Film 
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removed. With increasing temperature the formation of SiC drops 

drastically. Since the formation of SiC depends entirely on the 

availability of silane and carbon monoxide, it is found that graphs for 

molybdenum and tungsten hexacarbonyl are identical for identical 

SiH4/CO ratios. There is, however, a dependence of the SiC formation 

on the amount of SiH4 available as evidenced in the shift of the curves 

of Figure 2.6 with SiH4 concentration. 

From the simulations presented it is seen that for deposition 

temperatures below 500 C the disilicide phase can be expected to be 

predominant in the CVD reaction of silane with hexacarbonyl molybdenum 

or -tungsten. High pump rates and correspondingly short duration of 

stay of the decomposing molecules in the deposition chamber will reduce 

the availability of oxygen and carbon. A linear reduction of oxygen 

impurities is predicted with increasing pump rate which can be used to 

calculate the effective surface concentration of free carbon monoxide. 

A strong reduction in silicon carbide formation is predicted with 

rising deposition temperature. 

Flow Kinetics within the Reactor 

The final point of this chapter is the theoretical treatment of 

the flow conditions within the reactor. Flow parameters within the 

deposition chamber have major effects on the uniformity and structure 

of the deposit, while the conditions within the gas manifold system 

determine the film stochiometry. 
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Uniformity across a Wafer 

Since every thin film used in integrated circuits will have to 

be patterned in some fashion, uniformity is of utmost importance. This 

is particularly true for VLSI circuits, where directional dry etching 

methods have to be employed for fine line definition. Nonuniform films 

will etch at different speeds, thus decreasing yield and complicating 

end-point detection. Given that a gas flow of controlled composition 

is introduced into the cylindrical deposition chamber, a steady state 

flow pattern will quickly be established along the long axis of the 

tube. Depending on the pressure regime involved viscous flow, Knudsen 

flow, or molecular flow will predominate [Kaminsky and Laffenty, 1980; 

Vacuum Technology, 1983]. Table 2.4 gives a brief overview over the 

definition and characteristic behavior of gases for each flow 

condition. It is seen that at low vacua (pressures larger than 1 torr) 

streaming and turbulence can occur which adversely affect the 

deposition kinetics. Obviously, molecular flow would be the most 

desirable for LPCVD applications, if only the flow kinetics and film 

uniformity were concerned. However, a minimum amount of mass must be 

transferred to assure a reasonable growth rate of the thin film. The 

impingement rate, ZA' of molecules given by equation 2.5 

(2.5) 

and plotted in Figure 2.7 will, at high vacua, limit the mass transfer 

to the substrate and thus cause the film growth to decrease rapidly. 

Here m is the molecular weight of the species under investigation, p 

the pressure, k Boltzmann constant, and T the temperature. Note that 
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Table 2.4 Flow Regimes in Vacuum Applications 

Vacuum 

Rough Medium High Ultra High 

Pressure in Tor r 3 10 ••• 1 1 ••• 10 -3 -3 -7 10 ••• 10 < 10-7 

Par tic I e Numb~ j 
Dens i ty in on 1019 ••• 1016 1016 ••• 1013 1013 ••• 109 < 109 

Mean Free 
10-2 -2 5 105 Path in on < 10 ••• 10 10 ••• 10 > 

Surface lme~ns~nt 23 20 
1020 ••• 1017 1017 ••• 1013 1013 Rate in cm s 10 ••• 10 < 

Volum7 ColHsl~n Rate In on s 1029 ••• 10
23 

1023 ••• 1017 10
17 

••• 109 < 10
9 

Monolayer Time 
< 10-5 -5 -2 -2 in s 10 ••• 10 10 ••• 100 > 100 

Type of Gas Flow Viscous Kundsen Molecular Molecular 

Some Other 
Features Convect ion Marked Marked Surface 

Dependent Change Reduct ion Effects 
on Pressure, in thermal of Volume Dominate 
Lami na rand Conductivity Co II is ions 
Turbulent 
Flow Possible 
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Fig. 2.7 Impingement Rate of Molecules as a Function of Pressure 
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GAS STREAM 

• • 

BOAT 

Fig. 2.8 Geometry of the Deposition Boat 



the ratio of impinging silane to carbonyl molecules is fixed at the 

inverse ratio of the square roots of their respective molecular 

weights. 

Perpendicular to the flow pattern along the tube, the wafer 

substrates are stacked in a boat with wafer to wafer spacing, d, 

(Figure 2.8). Several effects wi II be observable: 

49 

1} Gas phase depletion of the source ~terial ~y occur both across a 

wafer and along the boat. Across a wafer this wi II happen when the 

mean free path of source molecules is short compared to their velocity 

- lifetime product. Depending on the wafer size and deposition rate, 

the chrunber pressure and temperature have to be adjusted 

correspondingly. Nonuniform deposits wi II result if the chrunber 

pressure is too high. 

2} Gas flow kinetics can influence the fi 1m growth. Although most 

models [Kuiper et ai, 1982; Kern and Schnable, 1979] assume that no gas 

velocity component exists along the wafer surface aside from thermal 

motion, swirling effects as indicated in Figure 2.8 are possible. The 

wafer spacing, d, largely determines the size of this effect. From 

simple geometrical considerations it can be seen that fringing effects 

within a distance d of the wafer edge wi I I be most likely. It is 

therefore desirable to stack the wafers as closely as possible, keeping 

in mind that item 1} above wi II set a lower limit on the spacing 

because of fi 1m uniformity and deposition rate considerations. 

3} The boat configuration influences the uniformity in at least two 

ways: Since the wafers are held in slots cut into quartz rods, a 

thinner fi 1m wi I I be deposited in those places where the wafer is 
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a) Wafer Spacing 0.75" b) Wafer Spacing 0.5" 

c) Wafer Spacing 0.25" 

Fig. 2.9 Some Examples of Nonuniform Deposits 
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supported. Secondly, the flow kinetic along the tube axis is disturbed 

by the nons~trical boat geometry, which can lead to further 

degradation of the uniformity across a wafer. 

Combined, these effects can cause severe nonuniformities over a 

wafer. Figure 2.9 shows examples of deposition runs with different 

wafer spacing d. These examples were taken from early runs where 

nonuniformities were most severe. It can easi Iy be seen that the 

uniformity is indeed a function of all three effects listed above with 

the boat contributing predominantly over the lower wafer half. The 

width of the fringes around the wafer edges are approximately the same 

as the wafer spacing d and decrease with decreasing d. In the limited 

pressure regime under consideration no detrimental effects due to 

different pressures could be observed across wafers of 2" and 3" 

diameter. If the periodicity of the stacked wafers was interrupted, 

i.e. by insertion of nonstandard substrates for surface analytical 

purposes, local turbulences were observed which could cause nonuniform 

deposits for distances of up to 4 inches along the boat. We conclude 

that geometrical effects can playa very important role in the uniform 

deposition of lPCVD thin fi Ims. 

Because of these potential nonuniformities, a closer look at 

the molecular motion as a function of chamber pressure is necessary. 

The mean free path of molecules, I, in a low pressure environment, 

derived from the kinetic gas theory, can be approximated to be 

~ 2~ 
~ t ~ TIv2 n (2r) ) (2.6) 

with n the number density of molecules and 2r the particle diameter. 
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Since the chamber pressure p is 

(2.7) 

with ~ the mean square velocity of gas molecules of ~ss m, 

CT = 3 kT 
rn 

i t f 0 I lows t hat 

Q,.p kT 

7Th" (2r) 2 
(2.8) 

so that a relationship is established between mean free path on one 

side and ten~erature and pressure on the other. Figure 2.10 shows a 

Graph of I versus p for different particle diameters at 250 C; to 

exemplify the temperature dependence, the mean free path of a 3 

Angstrcrn particle at 350 C is also shown (broken line). Since accurate 

data for the size of either carbonyl molecule is unattainable, the ~an 

free path can only be esti~ted frcrn the graph. Using this estimate, 

the maximum allowable pressure for deposition onto substrates of a 

given di~ter can be found if the decomposition rate is known. It can 

be seen that, to obtain a mean free path of the srune order of ~gnitude 

as the substrate di~ter, pressures in the range of 10-3 to 10-2 mbar 

(0.75 to 7.5 mTorr) are needed. 

Uniformity over the Boat 

After this discussion of the deposition uniformity across a 

wafer, attention is now shifted to the uniformity profi Ie within one 

batch. Here gas phase depletion effects are the ~in cause of 
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variations in the fi 1m thickness as a function of the wafer position in 

the boat. Gas phase depletion is a major concern particularly in 

hotwall systems where a large heated surface area is available on which 

the source materials can decompose. The deposition temperature has to 

be kept at a point where appreciable amounts of the source compounds 

wi II not decompose during the time spent inside the deposition chamber. 

Since the deposition rate is an exponential function of temperature, a 

very limited temperature range for uniform deposits along a boat is 

normal in hotwal I CVD. In cases in which the reaction is exothermic, 

hotwal I deposition is virtually impossible because the reaction rate 

cannot be throttled down sufficiently to avoid severe gas phase 

depletion. A good example for an exothermic reaction is the tungsten 

deposition from tungsten hexafluoride and hydrogen [Mi Iler and 

Beinglass, 1982], in which the reaction has to be poisoned to achieve 

reasonably low decomposition rates in hotwal I systems. Models 

describing gas phase depletion effects have been established for most 

standard CVD processes used in IC fabrication [Kern and Schnable, 1979; 

Kuiper et ai, 1982; Jensen and Graves, 1983] and wi I I not be reviewed 

here. One key factor in the evaluation of any of these models is a 

precise knowledge of the deposition rate over a wide temperature range. 

This can only be determined experimentally in a coldwall CVD system 

where gas phase depletion effects are of secondary importance. Because 

of the lack of suitable equipment, this part of the process had to be 

determined by a trial and error method in the existing hotwall system. 
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Gas phase stochiometry 

The conditions within the gas rrBnifold system detennine the gas 

phase composition and with it influence the stochiametry of the 

resulting deposit. Given the monitored system parameters: si lane 

flowrate, nitrogen flow rate through the solid source, and solid source 

temperature, plus geometrical data of the gas rrBnifold, we can proceed 

to calculate the composition of the gas stream. Starting fram the 

Clapeyron equation for ideal gases 

pV = G/M *RT (2.9) 

with p pressure, V volume, G the rrBSS of gas in volume V, M the molar 

mass, R the molar gas constant, and T the absolute temperature, we can 

write for a steady state rrBSS flow as a function of time t 

G/Mt V/t * p/RT (2.10) 

Here pV/t is the throughput measured in mbar Itr/sec. For the 

conditions in the flo~ter, p=20 psi and T=293 K, the flow of si lane 

can be determined fram rranufacturer suppl ied calibration data [Brooks 

Instruments, 1972] in cc/min, and can then be converted to a rrBSS flow 

rate in mole/sec by above equation. Table 2.5 gives a list of these 

data for the standard Brooks Instruments R-2-15-AAA flo~ter used in 

this work. 

For the calculation of the solid source flow rate consider the 

source geometry depicted in Figure 2.11. The known quantities in this 

system are the nitrogen inlet flow V/t in cc/min, the source volume and 

temperature, V and T , the line geometry (diameter and length), and 
s s 
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Table 2.5 Conversion Table for Brooks Flo~ter R-2-15-AAA Series 

Setting 

cc/mi n 

10 gl 3.86 

20 gl 5.53 

30 gl 7.14 

40 gl 9.41 

50 gl 11.6 

60 gl 14.3 

70 gl 17.7 

80 gl 21.0 

90 gl 24.3 

100 gl 28.6 

110 gl 33.0 

120 gl 37.4 

30 ss 22.9 

50 ss 37.5 

70 ss 53.9 

100 ss 88.6 

125 ss 121.2 

140 ss 141.1 

He Flow 

cc/min 

10.38 

14.88 

19.21 

25.31 

31.2 

38.5 
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the chamber pressure, Pch. The objective is to calculate the source 

pressure, Ps' which wi II bui Id up due to the nitrogen flow and the 

solid source vapor pressure. With it the line conductance and the 

throughput through the line can be calculated and the carbonyl mass 

flow can be determined in mole/sec. 

In equi librium the throughput 01 of nitrogen at the flo~ter 

has to be equal to the nitrogen throughput 02 through the line 

conductance C. 01 is found from 
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pV/t (2.11) 

which at a supply line pressure of 20 psi translates to 

01 = 0.03987 mbars Itr/sec • N2 flow (in cc/min). The conductance C is 

related to the throughput in it by 

where 

and 

Q2 = C * (ps - Pch) 

d 3 
c = 12.1 £ . f(dp) 

1 + 203(dp)+2.78.10 3 (dP)2 

1 + 237(dp) 
P 

P +P h s c 
2 

(2.12) 

This formula developed by Knudsen holds for air at 20C. The correction 

factor of 1.013 for N2 is sma I I enough in this context to be ignored. 

Assuming that nitrogen is the predominant species in the bubbler, 01 

and 02 are approximately equal since the source pressure Ps wi II be 

created predominantly by N2 and the source and line temperatures differ 

little from the assumed room temperature condition. Using the 

approximate equality of incoming and outgoing flow the source pressure 

p , as the sole variable left, can be determined by iteration. s 
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Using the Clapeyron formula again, the number of moles of nitrogen 

and of carbonyl can then be found according to 

G/MI = 
N2 

p .V 
s s 
R.T 

s I 
p V 

Q = carb s 
M R T carb s 

(2.13) 

where the carbonyl pressure is calculated fram the known vapor pressure 

as a function of temperature, as shown in Figure 2.1. Provided that 

the carbonyl vapor is very dilute in the nitrogen flow, the throughput 

of the carbonyl source into the deposition chamber is approximately 

given by 

and its mass flow rate is 

G 
Mt 

1 
RT 

s 

(2.14) 

(2.15) 

Taking the ratio of equation 2.10 and 2.15 wi II finally produce the gas 

phase composition. 

The above derivation was impremented in a computer program 

listed in Appendix C which was used to determine the stochiametry of 

the source compounds for all runs described in the fol lowing chapters. 



CHAPTER 3 

DEPOSITION AND ANNEAL BEHAVIOR OF MoSi2 and WSi2 

Thermodynamical modeling of a reaction can assist in the choice 

of the starting materials. The final verification of a CVD reaction, 

however, has to be the experiment. This chapter describes the 

deposition system, the steps taken to characterize the deposition 

parameters and the high temperature anneal behavior of as-deposited 

films. It summarizes the experience gained from the deposition and 

processing of more than one thousand substrates, handled in close to 

one hundred separate deposition runs. This work was necessary to 

ensure that the process is controllable over long periods of time, that 

reproducible film parameters can be obtained and that statistical data 

on the uniformity of the deposits are meaningful. 

Description of the Deposition System 

The deposition system of choice, as derived in the preceding 

two chapters, is a hotwall low pressure chemical vapor reactor. It 

consists of three main subsegments: the gas manifold, the reaction 

chamber, and the exhaust system (Figure 3.1). A low cost approach to 

obtaining this system was chosen by modifying an existing slot in a 

Thermco furnace bank. The gas manifold features a standard flow tube 

metering system (Brooks Instruments R-2-15-series) with manual toggle 

valves and heated solid source and line. All manifold parts used 

60 
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Three Zone Furnace 

u 
IIIIII11 

'Trap 
Pump 

Fig. 3.1 Schematic of the Low Pressure Hotwa11 CVD System Used 



62 

Swagelock stainless steel components which were cleaned and leak-tested 

before deposition. The flowmeter were inverted, with their valves 

facing the vacuum side of the manifold to ensure accurate flow 

readings. The furnace slot was retrofitted with a 4" tube to obtain 3" 

wafer capability. Since the temperature range obtainable with the 

existing temperature sensing equipment was approximately 400-1400C , 

the platinum / platinum:rhodium thermocouples were replaced by 

chromel/alumel thermocouples, which have a much higher output voltage 

at low temperatures. Good temperature control could thus be achieved 

in the range of 100C to 500C, where the model predicted disilicide 

formation. 

A custom modified quartz LPCVD tube with a flange was used to 

hold the stainless steel endcap, on which a vacuum gauge was mounted to 

monitor the chamber pressure. The vacuum system consisted of a cold 

trap (LN2) and a Sargent Welch Dual Stage Vacuum pump capable of 

creating a vacuum better than 10 mTorr. The nominal pump rate 

according to manufacturers specification is 400 Liter/minute. A second 

vacuum gauge in the foreline monitored the pressure drop across the 

line and trap assembly. 

The wafers were held in a standard quartz diffusion boat of 12" 

overall length. After some initial determination of wafer spacing 

versus deposition conditions, a standard spacing of 3/8" wafer to wafer 

was used throughout this work. To avoid load dependencies, dummy 

wafers were added where necessary to obtain repeatable deposition 

characteristics. 
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The system described deviates in some aspects from commercial 

hotwall LPCVD systems: 

1. Usually the wafer loading side of the tube is also used for the gas 

inlet system. The main advantage of such a geometry is improved 

particulate control since the flow direction is away from the port. 

The long source lines necessary for such a geometry are justifiable in 

a yield oriented fabrication process. For this work, Ithe particulate 

problem was accepted as part of a simpler system design. Frequent 

cleaning of the deposition chamber was also employed. 

2. Commercial systems generally employ a two step pumping system, the 

first pump being a Roots-type blower , which is follo~'ed by a standard 

fore line pump. This concept allows high, adjustable pumping speeds for 

improved process control and better deposition uniforrr.ity. In the 

later part of this chapter we discuss possible deposition improvements 

over the single stage pump system used in this work. 

3. Source gases in LPCVD systems are customarily used undiluted. The 

resulting gas phase depletion of the source material creates serious 

noninformities along the boat. Tapering of the temperature profile and 

increased pump speed are needed to counteract this effect. By 

employing diluents it is found that gas phase depletion can be reduced. 

Especially in the case of silane, diluted mixtures have the added 

advantage of reducing the pyrophoric and explosive nature of the 

chemical. Consequently, the silane based source gas used in this work 

employed a 10% silane concentration in 90% ultra high purity helium. 
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While these differences exist between commercial LPCVD units 

and the experimental system used here, they cause only minor variations 

of the reaction kinetics and deposition uniformity. Results obtained 

within this work can be adapted in a straight forward manner to any 

hotwall LPCVD system commercially available. 

Deposition Conditions and Ranges 

System paramete~s 

Hotwall LPCVD, like any other deposition method, has a 

multitude of parameters that can influence the growth and properties of 

the thin film. Similar to the segmentation employed above the system 

parameters of interest can be subdivided into three parts: 

1) Source temperature, line temperature, use of diluent gases, and flow 

rates of source and diluent gas~~ ~re of m~jor importance in the gas 

manifold system. 

2) Within the deposition chamber parameters of interest are the 

deposition temperature, profile of the deposition temperature, the 

chamber pressure before and during deposition, the deposition time, as 

well as geometry effects caused by the overall system and the boat 

(wafer spacing, wafer load and size). 

3) Finally, the exhaust system can be described in terms of its pump 

speed, backstreaming of pump oils, and foreline pressure. 

The properties and deposition kinetics of the CVD film will 

obviously depend on and vary with any or all of the above parameters. 

It is, however, possible to limit the matrix of important parameters 

through basic considerations of the CVD process. The variables that 
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are thus eliminated are then kept at a fixed, preset value throughout. 

Models developed for hotwall low pressure reactors [Kuiper et aI, 1982; 

Kern and Schnable, 1979] are helpful in this context in identifying the 

dominant effects. Interdependencies between variables further help to 

reduce the number of parameters. 

Starting from the gas manifold system, it can be seen that as 

long as the line temperature is above the solid source temperature, no 

condensation will occur in the lines. Tying it to the measured source 

temperature, and requiring the line temperature to be always 20C above 

the source temperature will then eliminate this variable. The source 

temperature, on the other hand, is a measure of the vapor pressure of 

the solid source (see Figure 2.1), and must be varied controllably to 

obtain the desired stochiometry. Since vapor pressures are generally 

exponential functions of temperature, this variable will have to be 

monitored closely. Moreover, the source temperature in conjunction 

with pump speed determines the chamber pressure, which is discussed 

later on. Together with the known gas flow rates and diluent-to-silane 

ratio, these variables define the gas phase composition of the incoming 

reactants. Fortunately, chemical vapor deposition of compounds is 

inherently less sensitive to stochiometry fluctuations than comparable 

PVD methods. Rather than coevaporating or cosputtering two separate 

phases, chemical reactions are employed in which thermodynamical laws 

govern the formation of compounds. Consequently, tight control of the 

incoming source gases is usually not necessary, as long as undesired 

secondary reactions can be avoided. 
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Process parameters within the deposition chamber have major 

effects on the uniformity and structure of the deposit. The various 

effects of flow conditions on the film uniformity have already been 

discussed in detail in chapter 2. The particular structure of the 

deposit (amorphous versus poly-crystalline) is also of importance in 

this context, since fine line etching is sensitive to large grain size. 

Since excessive temperature tapering, used to obtain uniformity, can 

result in the formation of different phases or orientations (observed 

for example in hotwall poly-silicon depositions), the approach taken 

here is to avoid tapering of the profile altogether and to adjust 

temperature and pressure for best obtainable uniformity_ During the 

pumpdown process volatile residues, leaks, outgassing surfaces, and the 

ultimate vacuum attainable with a given pump system will determine the 

background pressure. In conjunction with the chamber pressure during 

deposition and the observed deposition rate, appreciable amounts of 

impurities can be incorporated if the formation of residue surface 

layers is fast enough. It is therefore desirable to have a minimum 

amount of residue in the system, while depositing at rates much larger 

than the average residue monolayer formation time. The trend in thin 

films depositions is therefore towards pumps with larger gas throughput 

at improved vacuum levels. 

Neglecting possible contamination from backstreaming pump oil 

and ignoring the foreline pressure, which gives an indication of the 

pressure drop across the line/trap assembly, for the moment, we are 

left with the pump volume as the last major system parameter. For any 

given speed with which the pump can exhaust the products from the 
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deposition chamber, there will be some optimum mass flow and chamber 

pressure for which best film uniformity and composition is obtained. 

An adjustable pump speed enables the researcher to scan the entire 

deposition matrix of mass flow, chamber pressure, and chamber 

temperature. In this work, the fixed pump speed translates into a 

given mass flow per unit time, so that the remaining two parameters, 

pressure and temperature remain as the sole variables adjustable for 

uniformity. This limits the system in at least one degree of freedom, 

the deposition rate, which ties directly to the deposition temperature 

and the mass flow arriving at the wafer surface. 

Table 3.1 summarizes the experimental results under which 

uniform deposition of the silicides was observed in the hotwall system 

used in this work. After successful determination of the best 

deposition conditions and based on the experience gained from it, a 

standard deposition procedure was established to assure repeatability 

of the results. A summary of this procedure has been listed in Table 

3.2. It has been followed throughout the remainder of this work. 

Systematic variations of deposition parameters are necessary to 

determine the system performance and to obtain experimental results for 

the rate of deposition. The deposition rates for constant flow 

settings were determined as a function of deposition temperature by 

step height measurements and are plotted in Figure 3.2. At high 

deposition temperatures nonuniform deposition occurs along the 

deposition zone, indicated by the drop in deposition rate. It is 

furthermore seen that over the limited temperature range obtainable in 

hotwall CVD a determination of the activation energy for the reaction 
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Table 3.1 Deposition Parameters and Range of Uniform Deposition 

Parameter 

Deposition Temperature 

Source Temperature 

line Temperature 

Base Pressure in System 

Carbonyl Source Pressure 

Carbonyl Pressure in Chamber 

Deposition Pressure Regime 

Pure Si lane Flow Rate 

Carbonyl 
N2 Bubbler Flowrate 

Boa t Geomet ry 

MoSi 2 

200 - 275 C 250 - 325 C 

22 - 40 C 40 - 70 C 

42 - 60 C 60 - 90 C 

3 mTorr 3 mTorr 

126 - 625 mTorr 142 - 1715 mTorr 

20 - 200 mTorr 20 - 500 mTorr 

200 - 1000 mTorr 200 - 1000 mTorr 

5 - 25 cc/mi n 5 - 25 cc/min 

5 - 40 cc/min 5 - 40 cc/min 

10" boat, wafer spacing 3/16" to 1/2" 
wafer diameter 2" and 3" 
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Table 3.2 Standard Deposition Procedure 

INITIALIZATlCN OF SYSTEM 

1 ) 
2 ) 
3) 

4) 
5 ) 

6) 

7) 

8) 

Turn on roughing pump and pump cooling fan 
Check and set furnace, bubbler and line temperatures 
let temperatures stabi lize for at least two hours, 
let pump warm up for one hour 
Evacuate chamber 
Close si lane purge line, evacuate si lane line and regulator, 
check for leaks 
Close si lane flow valve and flo~ter, open si lane tank 
CAUTICN: From this point on, explosive si lane mixtures can occur if 
the si lane line is inadvertently opened. 
Evacuate bubbler and bubbler line, record source pressure, 
close bubbler toggle valve and bubbler inlet, refi II bubbler line 
wi th N2 
Close pump, open pump N2 bal last valve, vent chamber 

DEPOSITICN PROCEDURE 

1) load wafers into boat whi Ie purging furnace with N2 
2) Push boat into tube and let temperature equi librate for 5 minutes 
3) Record deposition, source, and line temperature 
4) Close pump ballast valve, evacuate lPCVD chamber, record base 

pressure 
5) Purge tube with N2 at approximately 500 mTorr for 2 minutes 
6) Set si lane and N2 flowrates, N2 in bubbler bypass mode, record 

flows, let furnace temperature stabi lize for 5 minutes, record flow 

7) 

8) 
9 ) 
10 ) 
11 ) 
12) 
13) 
14) 

pressure 
Turn four-way valve of bubbler 2 to deposit position, open bubbler 
toggle valve, crack bubbler inlet open unti I preset flow is reached 
again 
Start timer for deposition 
After deposition is completed, close bubbler toggle valve and inlet 
Keep si lane flowing for one more minute 
Close si lane toggle valve, evacuate flo~ter, record base pressure 
Open N2 purge line, close pump, open pump ballast valve 
When cnamber is vented, remove boat, let cool down 
Remove and label wafers, ready for next run 
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Table 3.2--Continued 

REACTOR SHJT IXMN 

1) Pressurize bubbler assembly with N2 , close bubbler valves 
2) Close si lane tank, evacuate entire si lane line through chamber 
3) Backfill lineandchanberwithN2 
4) leave pump running for one hour, purging with N2 bal last 

PR ECAUT I CN S 

1 ) 

2) 

Silane is an extremely explosive gas; pumping pressures should be 
limited to less than one torr and flowrates less than 30 cc/min of 
pure si lane (about 120 steel float on the R-2-15-AAA meter with 
He/(10%)SiH4 mix) 
Change pump oi I every 20 deposition hours 



DEPOSITION RATE 

100 

50 

o 
175 

o 

(A/min) 

-6 
Mo(CO)6 Flow at 1*10 mole/sec 

200 225 250 

, - , , 

275 

, 
• 

DEPOSITION RATE (A/min) 

100 

50 

o 
250 

W(CO)6 Flow at 
-6 2.7*10 mole/sec 

275 300 

~,- .......... 

325 350 

, , , 

DEPOSITION TEMPERATURE (C) 

300 

375 

Fig. 3.2 Silicide Deposition Rate as a Function of Deposition 

Temperature; top MoSi2 , bottom WSi2 

71 



72 

is impossible. Obviously the deposition rate will also depend on the 

amount of available source material; Figure 3.3 therefore shows the 

variation of deposition rates with mass flow, determined from the 

flowmeter and temperature readings and converted into mole ratios by 

the program derived in chapter 2 and listed in Appendix C. Since 

silane by itself will not decompose at the given temperatures and since 

it is always supplied in excess of the carbonyl, the limiting factor in 

the deposition rate is the incoming flow of carbonyl. The expected 

linear dependency of the deposition rate on the flow of carbonyl is 

well supported by the graphs of Figure 3.3. 

Film Uniformity 

The uniformity of the deposited films was usually measured 

electrically, because of the ease of this method compared to standard 

step height measurements. A cross calibration was performed by 

measuring the actual film thickness of the first and last wafer in the 

run with an Alphastep profilometer from Tencor Corporation. The 

electrical measurements were performed with a four-point probe, Model 

RTM-IOO from Matheson; five data points were taken on each wafer, one 

in the center plus four readings spaced 90 degrees apart at the wafer 

edge. The later four measurements were oriented with respect to the 

wafer flat (which was always placed at the bottom during the deposition 

run), and were taken 1/2 .. away from the edge to avoid distortion 

caused by fringing effects. The uniformity over the boat was 

determined by averaging all five readings of each wafer and plotting 

the results versus wafer position in the boat; typical examples of 
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optimized conditions are presented in Figure 3.4. It can be seen that 

the deposition is within commonly accepted uniformity limits for IC 

thin films. It should also be noted that the so-called optimized 

conditions presented here are characteristic of the rather crude system 

setup and limited by the fixed pump speed. Better results can be 

expected from commercial LPCVD units. 

The physical properties of the deposited films will be 

discussed in detail in chapter 4. At this point it may suffice to say 

that the as-deposited films have specular, shiny metallic looking 

surfaces, and appear to be rather soft when scratched with a diamond 

stylus. Reports by other groups that PVD MOSi Z and WSi Z frequently 

show adhesion problems [Neppl, Menzel and Schwabe, 1983; Murarka, 1980] 

do not apply to CVD films. During this entire work not one sample has 

shown adhesion problems or would peel, regardless of whether the film 

was as-deposited, annealed, or exposed to any IC fabrication step. 

This includes the use of different substrates, among them single

crystalline silicon, aluminum, graphite, thin films of poly silicon on 

oxide, silicon dioxide both in bulk and thin film form, and silicon 

nitride on silicon, which supports the statements already made in 

chapter 1. One of the inherent advantages of CVD over PVD is the 

deposition in thermal equilibrium which results in the reduction of 

deposition related stresses. The remaining section of this chapter 

will now deal with the high temperature anneal behavior of the films. 
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Anneal Behavior of MoSi2 and WSi2 . 

The main motivation behind this work, as detailed in the first 

chapter, was the search for a new high conductivity gate electrode 

material for MOS circuits that could be substituted for the poly-

silicon layers currently used. Metals were excluded during this 

discussion because one of the major steps after the gate electrode 

formation is the high temperature activation of ion-implanted regions. 

Low oxidation resistance and the uncontrollable formJtion of metal 

si.licides at the metal-silicon interface were the mai~ arguments 

against the use of metals. While the general treatment of Chapter 1 

ascertains that refractory metal silicides exhibit good high 

temperature stability, experimental confirmation is required. 

Moreover, the as-deposited films described here are alnorPhous and can 

be expected to crystallize during the high temperature step. The 

changes in physical properties with anneal therefore have to be closely 

investigated. 

Anneal Systems Used 

Prior work on evaporated and sputtered films has shown that the 

heat treatment of silicides is still in its infant stages. Depending 

on the method of anneal (i.e. hotwall, coldwall, or heatpulse 

treatment), the gas ambient (nitrogen, oxygen, noble gases, hydrogen 

bearing mixtures, or vacuum), but also varying between different 

research locations and researchers, contradicting results have been 

reported [Mohammadi et aI, 1979; Shibata et aI, 1982; Inoue and Koike, 

1978; Zirinsky et aI, 1978; Mochizuki and Kashiwagi, 1980]. It was 
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therefore concluded that a comprehensive study of the anneal behavior 

of CVD silicide films was necessary. The following anneal systems were 

used in this undertaking: 

1) A coldwall atmospheric CVD reactor located in the Optical Sciences 

Center was used to expose samples to a forming gas mixture of ultrapure 

helium with 8% hydrogen. The samples were placed on a graphite 

susceptor at room temperature and placed in the reactor chamber. After 

sealing the entire system, a five minute high flow purge cycle was 

employed to remove any residual contaminants, after which the infrared 

heating units were turned on and the sample temperature raised to a 

preset value, at which it was held for selected times. Cooldown 

proceeded in the same controlled ambient, until a temperature below 200 

C was reached, at which point the system was opened and the sample 

removed from the susceptor. 

2) A furnace tube slot was set aside for gate metal anneals. Samples 

were placed in a standard quartz boat and placed at the furnace mouth 

for a preheat cycle, during which the tube was purged with large 

volumes of the selected gas ambient (here N2 or O2). A slow wafer push 

into the hot zone started the anneal sequence, which after preselected 

times, was followed by a slow wafer pull into the tube end zone. The 

wafers were allowed to cool in the controlled gas environment for five 

minutes before the boat was removed. The source gases used in this 

system were supplied through boil-off from liquid oxygen and nitrogen, 

respectively. 
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3) Although not available within the university, some samples were 

exposed to heat pulse anneals at the Advanced Product Research and 

Development group (APRDL) at Motorola Inc. in Phoenix. The system used 

handles one wafer at a time, loading it into the controlled gas ambient 

chamber, and purging the chamber with dry N2 • ~igh power infrared 

lamps then heat the wafer rapidly to the desired temperature. Because 

only the small thermal mass of one wafer is involved, temperature 

cycles can be very fast, usually on the order of 1 minute for 1000C 

temperature rise or fall. Rapid anneal systems are still in the 

development phase because influences on other parameters like the 

desired implant activation are not yet fully studied. 

From the beginning emphasis was put on the open tube hotwall 

system because of its large throughput volume and ease of operation. 

The coldwall system served the double function of 

a) evaluating forming gas ambients, and 

b) providing a comparative study object to the hotwall system. 

The rapid thermal anneal system as the least accessible one is listed 

for completeness only and because the system does have definite 

potential for VLSI p·rocessing. 

Internal Oxidation Mechanism 

Feedback from electrical and compositional data was used to 

determine the success of each anneal sequence. Early results for both 

hotwall and coldwall systems showed that the anneal did reduce the 

resistivity of the films appreciably, but that the values obtained were 

still far higher than comparable literature data. A compositional 
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analysis of the films by Auger electron spectroscopy revealed that the 

silicide films had been internally oxidized throughoot (Figures 3.5 and 

3.6). Since both the coldwall and hotwall system with different gas 

ambients were involved, a common trace impurity was suspected. The 

coldwall reactor was therefore leak-tested and found to have 

appreciable leaks. Attempts to make the system leak-tight were 

unsuccessful, so that the coldwall approach was abandoned. Auger data 

of hotwall annealed samples were even more puzzling until correlated to 

logbook data. The observed time dependence (Figure 3.6) of the oxygen 

incorporation was explained by the sequence in which the samples 

entered the furnace. Starting at the lowest anneal time and proceeding 

upward, the sequence shows increased oxygen incorporation for the first 

1 1/2 hours of operation. It can be seen from the data that a minimum 

of approximately 1 1/2 hours of high volume purge is needed to reduce 

gas impurities to an acceptable level. It must be noted at this point 

that exposure to dry oxygen results in the formation of uniform surface 

oxide coatings. It is therefore concluded that traces of moisture in 

the gas ambient during anneal cycles of unprotected silicide thin films 

will result in accelerated internal oxidation of the film. 

Standard Anneal Sequence 

The early experiences reported in the last paragraphs resulted 

in the establishment of a standard sequence for hotwall anneals of 

silicides, which is summarized in Table 3.3. Results for a matrix of 

anneal parameters (temperature, time, and gas ambient) scanned under 

this sequence are reported in Figures 3.7 and 3.8. 



Table 3.3 Standard Anneal Procedure (Hotwall) 

SYSTEM IN I TlAL! ZATlCN 

1 ) 
2 ) 

3) 

Set temperature controller to desired temperature 
Set N2 purge (02 if needed) to 80ss (R-2-15-B) corresponding 
to 3.0 I/min 
Purge system w'ith boat in hot zone for a minimtJTl of 2 hours 

ANNEAL SEQUEI\C E 

1) Remove boat 
2) Load cleaned and dry wafers 
3) Insert boat into furnace end zone 
4) Close tube with supplied quartz end cap 
5) Purge and warm up for 5 min 
6) Push wafers slowly into hot zone 
7) After completion of anneal time, pul I wafers slowly to end zone 
8) Let cool down for 5 min 
9) Remove boat fram furnace, unload wafers 
10) Repeat sequence, if desired. 

SHUT IXMN PROC EDJR E 

1) Turn flomleter to 10 gl (standby flow) 
2) Turn temperature settings to 700C (standby) 
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As a function of anneal temperature, both MoSi2 and WSi2 show 

the same behavior. For low temperature anneals the sheet resistance of 

these films actually increases by 5 to 20 percent before dropping 

rapidly. Similar work on PVD films [Price, 1983] has shown that the 

amorphous silicide films undergo an intermediate phase transformation 

(hexagonal phase) at about 500C, before being converted into the 

stable, conducting tetragonal disilicide phase above 800C. It is seen 

that CVD films follow the same pattern. Different anneal treatments, 

i.e. using forming gas, nitrogen, dry oxygen ambients, or following a 

low (m600C)/high (TA plotted) temperature sequence do not seem to 

influence the anneal behavior much. To obtain comparable resistance 

reductions with heat pulse annealing, the anneal temperature had to be 

about 50C above those for the longer hotwall cycles. This can be 

understood from the time dependence of the anneal, shown in Figure 3.8. 

Since the heat pulse treatments lasted only about 60 seconds the final 

resistance value is not reached for a given temperature. Thus higher 

anneal temperatures are necessary to compensate for the reduced time of 

anneal. 
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CHAPTER 4 

PHYSICAL PROPERTIES OF THE DEPOSIT 

Thin fi 1m properties can and usually wi II differ widely fram 

those of the bulk material. Moreover, they wi II also depend on the 

deposition method and within one particular method vary with most 

system parameters. Thus, a wide range of solid state properties can be 

created without the limitations imposed by the bulk material. For a 

particular application, however, repeatabi lity of very specific thin 

fi 1m properties is desired. The influence of deposition parameters on 

these properties must be determined in order to assess potential 

problems caused by variations within the deposition system. In this 

chapter the composition and structure of chemical vapor deposited MoSi 2 

and WSi 2 measured by Auger Electron Spectroscopy, Rutherford 

backscattering, and X-ray diffraction analysis are presented to 

ascertain that the desired fi Ims are obtained. Scratch resistance is 

determined by microhardness measurements, while pictures taken with a 

secondary electron microscope illustrate step coverage. Shrinkage 

effects during the anneal cycle due to phase transformations are 

evaluated by step height measurements. 
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Composition of MoSi 2 and WSi 2 

Thin films used in integrated circuit applications have to 

conform to the very stringent purity requirements of surface sensitive 

MOS devices. It is therefore necessary to evaluate the composition of 

the deposit with respect to its stochiometry, impurity content, and 

substrate interactions. The theoretically predicted species listed in 

chapter 2 can serve as a starting point in this inve~tigation. The 

broad range of elements to be investigated, from low atomic weight 
i 

carbon to the fifteen times heavier tungsten, combine;d with resolution , 

requi rements at least in the percent range, I imit the range of 

appl icable surface analysis tools. Avai labi I ity on the local level 

further decreases the number of choices, narrowing the compositional 

analysis down to Auger electron spectroscopy (AES) an Rutherford 

backscattering (RBS) as the two analysis tools avai lable with 

sufficient sensitivity to serve our purposes. For all elements above 

helium and depending on the element, AES wi I I provide a lower detection 

limit of approximately 0.1 percent on a semi-quantitative basis. 

~1atrix effects can help in determining the chemical composition of the 

elements detected, but limit the accuracy of a quantitative analysis. 

Backscattering, on the other hand, is based on first principles, which 

makes it intrinsically more reliable for stochiometry determination. 

However, the number of backscattered atoms is proportional to the 

scatter cross section of the elements involved, which reduces its 

sensitivity for the lower weight elements, carbon and oxygen, suspected 

to be present. A combination of both techniques was therefore used to 



provide the most insight in the deposition and anneal behavior of 

si licide fi Ims. 
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The two questions posed and treated theoretically in chapter 2, 

concerning the stochiometry and impurity content of the deposit, have 

to be compared to the experiment. It was predicted 

1) that the disi licide phase is stable for deposition temperatures 

under 500 C for a wide range of flow conditions, and 

2) that both oxygen and carbon impurities should be present. The 

theoretical oxygen concentration was found to be independent of 

temperature or flow rates, whi Ie carbon incorporation depended on both. 

Since chemical changes during the post-deposition anneal cannot be 

excluded, they must also be considered in this context. 

Auger Electron Spectroscopy 

Two separate Auger systems were used in this work. A PhYSical 

Electronics model 595 Auger system located at the Center for Surface 

Science and Submicron Analysis (CRISS), Montana State University at 

Bozeman, was used to obtain Auger data in the N(E) mode. Data 

acquisition and manipulation were performed by a PDP 11/04 computer 

with a HP 2649C graphics terminal, which produced the dN(E)/dE graphs 

used here. A Vacuum Generators ltd., Escalab Mark II system housed in 

the Chemistry Department of the University of Arizona supplied 

complementary data in the commonly known derivative mode, in which 

dN(E)/dE is plotted versus the energy of the Auger electrons. Standard 

operating procedures and system parameters for both systems are given 

in Table 4.1. 



Table 4.1 Standard Operating Procedures and System Parameters 
for Both Auger Systems Used 

Variable CRISS 

Vacuum pressure bett~~ than 
5*10 Torr 

Beam Va I tage 3 kV 

Beam Cu r rent 100 - 200 nA 

Sputter Area 1 x 1 2 rrm 

Sample mode N( E) 

Analysis COI'l"puterized (PDP11 ) 

University of 
Ar i zona 

bett~~ than 
5*10 Torr 

3 kV 

1 - 3 A 

whole sample 

dN(E) / dE 

Peak-to-Peak 

95 

measurements of 
Plot 

Sensitivity factors (1) 

Mo .340 C .180 

w .113 o .500 

S i .350 

(1) [Handbook of Auger Electron Spectroscopy, 1976] 
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Table 4.2 List of Auger Data for AI I Samples Analyzed 

Anneal 
Sample % Metal % Si licon % Carbon % Oxygen Temp. Gas 

MoSi 23-2 26 65 3 6 

MoSi 24-2 27.5 58.5 5 8.5 

MoSi 11-2 26.4 62.9 6.75 4.1 

MoSi 12-2 28.5 58.4 9 4.1 

MoSi 13 29.6 47.3 14.6 8.5 

MoSi 36-5 23.4 42.5 3.9 30.2 900 He/H2 

MoSi 36-6 23.1 41.6 5 30.4 1000 He/H2 

MoSi 36-4 24.9 41.9 4.9 28.3 800 He/H2 

MoSi 36-1 27.4 51 4.4 17.1 

MoSi 41-7 25.6 64.7 2.5 7.1 

MoSi 41-4 30.6 59.6 3.4 6.4 1100 N2 

MoSi 41-5 30.2 65.4 2.1 2.3 1100 °2 

MoSi 41-6 27.4 57.4 1.8 13.4 1100 N2 

MoSi 41-1 28.1 56.4 2.8 12.6 1100 N2 

MoSi 38-3 24.4 61.2 3.6 10.8 

MoSi 43-6 24.4 62.5 5.5 7.6 

MoSi 46-11 26.9 46.9 5.4 20.8 

MoSi 46-15 19.7 58.4 4.5 12.8 1100 N2 

MoSi 45-19 19.6 70.5 3.2 4.45 
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Table 4.2--Continued 

Anneal 
SaJlllle % Meta I % Si licon % Carbon % Oxygen Terrp. Gas 

WSi 3-38 32.7 57.2 4.9 5.2 

WSi 7-3 33 55 4 7 

WSi 8-1 35 58 4 3 

WSi 10-1 35 50 6 9 

WSi 15-27 29.6 58.7 4.1 7.6 

WSi 16-14 35.1 51.4 4.1 9.4 

WSi 15-25A 33.3 50.4 3.8 12.6 1000 He/H2 

WSi 15-27 35.1 55.1 3.7 6.2 

WSi 15-9 32.5 43.8 4 19.6 900 He/H2 

WSi 15-10 29.9 42.9 5.7 21.5 1000 He/H2 

WSi 15-8 33.3 45.4 37 17 .5 800 He/H
2 

WSi 15-16 36.3 38.5 7.3 17 .8 1100 N2 

WSi 15-11 34.4 44.3 5.3 16 1100 N2 

WSi 15-15 33.7 40.4 6.4 19.5 1100 °2 

WSi 15-14 35.5 51.7 5 7.7 1100 N2 
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A list of all samples analyzed by Auger Electron Spectroscopy 

has been campi led in Table 4.2. The analysis of the spectra focussed 

on three main topics: 

1. the stochicmetry of the fi Ims, 

2. impurity concentration as a function of deposition parameters, and 

3. composition changes during anneal. 

Since data from the two Auger systems agreed to within 

experimental error limits, the following analysis does not separate 

between them. 

The fi 1m stochicmetry is found by correcting the peak-to-peak 

Auger signal with system-specific correction factors [Handbook of Auger 

Electron Spectroscopy, 1976] listed in Table 4.1 above. Figure 4.1 

shows the silicon to metal ratio thus obtained as a function of 

deposition temperature for as- deposited si licide fi Ims. The MoSi x 

fi Ims show stochicmetries centered around x=2.0 over their deposition 

temperature range. A trend to silicon rich ex = 2.3 to 2.5) films is 

visible for the upper temperature end. WSi films, on the other hand, x 

appear to be metal rich over the limited temperature range 

investigated. For oxidation and high temperature sintering procedures 

a si licon-rich phase is generally more desirable because of its 

stability. 

The concentration of impurities as a function of deposition 

parameters is shown in Figures 4.2 and 4.3, both as a function of 

deposition temperature and gas stochicmetry, respectively. The 

analysis of spectra in terms of percent-level impurities is limited in 

several ways, which are addressed in detai I in the discussion and 
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comparison of AES and RBS later on in this chapter. It is estimated 

that the accuracy of determining impurity levels is only about two 

atomic percent in the data presented. With this in mind, the curves in 

Figure 4.2 and 4.3 can be summarized as follows: 

Within the error limit the oxygen concentration appears to be indeed 

invariant with deposition temperature and gas phase stochiametry for 

both molybdenum and tungsten silicide. The concentration of carbon is, 

at least for the wider temperature range of MoSi x fi Ims investigated, a 

function of deposition temperature, dropping from roughly 15 percent at 

200C to less than 5 percent at 250C. In the case of WSi x fi Ims the 

temperature range investigated was too narrow to define any trend. It 

should be noted, however, that the average incorporation of both oxygen 

and carbon is lower in WSi x fi Ims than in MoSi x films which, in view of 

the higher deposition temperature of WSi x ' supports the theoretical 

predictions further. The carbon concentration at a given deposition 

temperature is furthermore a function of the gas phase stochiometry for 

the lower deposition temperatures of MoSi 2 • 

Comparing these experimental results to the model predictions 

made in chapter 2, we find relatively good agreement. The Auger 

si licon to metal ratio, though not showing an absolute value of 2:1, is 

close enough to the predicted si licide phase to require separate and 

more accurate compOSitional data before conclusive differences can be 

discussed. The behavior of impurity concentrations in the films 

follows the trends predicted in chapter 2. Oxygen incorporation is, at 

least within the error limits, a constant for both deposition 

temperature and gas phase at about 5 to 7 percent in the fi Ims. The 
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carbon concentration is found to be a strong function of deposition 

temperature,at least at the lower end of the temperature scale. Note 

that the higher deposition temperatures needed for WSi 2 deposition 

correlate well with an overall lower carbon incorporation. 

So far we have discussed the composition of as-deposited films 

and found that the models of chapter 2 can be applied. After 

undergoing high temperature treatments, the si licide composition may be 

changed quite drastically as already noted in chapter 3. The part of 

the discussion detai ling the internal oxidation mechanism during the 

early anneal steps wi I I not be repeated here. However, more 

information can be extracted from the Auger spectra of annealed 

samples. The line shape of elemental peaks can give information about 

the nature of chemical bonds in the fi 1m. A comparison between as

deposited and annealed samples shows that in all cases the si licon as 

well as the carbon and oxygen peaks are those of the bound atoms. This 

indicates that the impurities occur in oxide and carbide form rather 

than as interstitially free impurities. This does, however, not 

exclude the incorporation of CO molecules. It should also be noted 

that for anneals above 1100C nitrogen in the form of a nitride was 

detected at roughly 5 at %. The following independent investigation of 

the si licide composition by Rutherford Backscattering wi I I complement 

the findings of Auger spectroscopy. The results of both analysis tools 

are then compared to each other and to the predictions of chapter 2. 
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Rutherford Backscattering 

A Van der Graff generator housed in the Physics Department of 

the University of Arizona supplied the high energy helium bean used for 

Rutherford backscattering analysis of the si licide samples. A standard 

berun energy of 1.892 MeV was used for all runs. The backscattering 

rr~asurement system consists of a 1024 channel analyzer using a solid 

state detector with a solid angle of .78x10-3 sr. Due to the high 

energy of the incident helium beron an appreciable depth of the specimen 

is sampled; whi Ie this is of advantage in depth profi ling appl ications, 

the overlay of peaks from different elements can cause problems in the 

analysis of low atomic weight elements; an example is presented in 

Figure 4.4. In particular, the si licon substrate edge virtually 

eliminates the possibi lity of accurately detecting carbon and oxygen 

impurities in the fi Ims. To alleviate this problem, graphite 

substrates were used on an experimental basis (Figure 4.5). 

Unfortunately, graphite does not lend itself readi Iy to the high 

temperature anneals required in this work. The standard substrate for 

al I other srunples was therefore bare si I icon of orientation (111) and 

. I 1016 -3 B d' approximate y ern oron oping. If only the relative ratio of 

elements is 

calculation 

where t is 

requi red, nust system calibration data cancel out and the 

of 

the 

the stochiometry becomes rather straight forward 

N H .0 . t 
x x y y. (4.1) -= 

N H .0 • t 
Y Y x x 

layer of compound XY that causes an energy shift to 

Since the calculation of t It is rather involved and 
y x 

wi II only resul t in changes in the percent range, it wi II be neglected 
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in this context. The determination of film stochiametry is thus 

reduced to determining the area (if possible) or the step height, H, 

(for coinciding peaks) of the RBS element peaks and correcting the 

ratio by the scatter cross section, a, of the respective element, for 

which values can be found in Chu, Mayer, and Nicolet [1978]. 

Figure 4.5A shows an RBS spectrum obtained of MoSi 2 on graphite 

substrates. Since different channel numbers correspond to different 

penetration depth into the fi 1m, it can be seen that the fi 1m is very 

uniform in its composition with fi 1m thickness. The slight ti It of all 

peaks towards the surface edge is to be expected in RBS and is 

representative of the quadratic dependence of the backscattered ions on 

the incident ion energy. Amplification of those parts of the curve 

that correspond to carbon and oxygen in Figure 4.5B shows that only 

surface peaks of either impurity are detected. The bulk of the thin 

fi 1m does not show any appreciable signal for either carbon or oxygen. 

From above derivation and the noise level present in this graph it is 

estimated that the lo~r detection limit of the RBS setup is 

approximately NCiNMo=0.54 for carbon and NbINMo=O.27 for oxygen. In 

this sample, the stochiometry of the silicide can be found by 

integrating the area under the peaks; the sample presented shows a 

stochiometry of Mo 1.00 Si 2 •73 , and the ful I chemical description is 

M01 •0 Si 2 •73 CO•54 00.27 assuming the maximum impurity content derived 

above. Consequently, a minimum 11.9 atomic percent carbon and 6 atomic 

percent oxygen are required to create visible peaks in the spectrum. 

It is obvious that the low scattering cross section of light elements 

cause extreme difficulties in determining trace impurities by RBS. 
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Interest was therefore focussed on the stochiametry and its 

change with anneal par~ters. A sequence of san~les deposited on 

single crystal silicon was annealed at various temperatures and the 

stochiornetry, determined by the step height method, was plotted as a 

function of the anneal temperatur (Figure 4.6). It is seen, that the 

RBS data for both si licides indicate silicon rich material with 

stochiametries of x = 2.6 for MoSi and x = 2.9 for WSi for as-x x 

deposited fi Ims, respectively. With increasing anneal temperatures 

these numbers drop slightly. Overal I, the fi Ims remain si licon rich, 

however. Above 1100C, a nitrogen surface peak appears on top of the 

si licon background (see Figure 4.4) confirming the observations made 

earlier with AES. 

Comparison of AES and RBS 

The independently determined stochiornetries obtained by both 

methods can be used to evaluate the accuracy of our data. In the case 

of MoSi x ' close agreement is found between the stochiametries obtained 

by AES and RBS. Both methods show that a si licon rich Molybdenum 

si licide (MoSi x) with x = 2.5 is deposited at the standard deposition 

temperature of 250C used here. The estimated RBS detection limit for 

carbon, 11.9%, agrees with the fact that no carbon is visible in the 

RBS spectra, since AES results show at most 7% for these s~les. The 

detection limit for oxygen, 6% for RBS, indicates that oxygen should be 

visible, especially on the annealed samples. Since only surface peaks 

of oxygen are visible even for annealed samples, it seems possible that 
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during the AES sputter profi ling surface oxygen is continuously 

implanted into the sample, thus increasing the measured oxygen 

concentration in these films. This commonly observed effect may have 

caused an artificial increase in AES impurity concentrations in the 

s iii c ides. 

The discrepancy between AES and RBS data for the stochiametry 

of WSi x ' with x approximately 1.65 and 2.9 respectively, is too large 

to be explained by sputtering effects. Matrix effects caused by 

chemical bonds can simi larly be discarded, since the shape of all 

elemental AES peaks was monitored closely. Noise can be excluded since 

the dominant elements in the fi Ims have very strong signals. This 

leaves the instrun~nt calibration as the last factor to be 

investigated. The sources for sensitivity factors and scatter cross 

section have been listed previously; the accuracy of these numbers can 

only be estimated and may account for the observed disagreement. 

Based on their anneal behavior, it can be argued that the 

tungsten silicide films should be silicon rich. If this were not the 

case, an enrichment of silicon would be observed during anneals. The 

infinite si licon supply from the substrate can, at the temperatures 

involved, form the stable WSi 2 phase. Since no increase in si licon 

concentration is observed in either method, it must be concluded that 

the WSi x films are of stochiametry x = 2 or larger. 
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Structure of MoSi 2 and WSi 2 

Photol ithographic pattering of fine lines requires- specular 

surfaces. Increased surface roughness in thin films wi II cause 

excessive scattering of the incident light and thus degrade the pattern 

definition. Large grain sizes in the fi 1m can furthermore cause 

problems during the subsequent etching process. Possible phase 

tranforrrmtions and stresses induced by high-temperature anneal add to 

the need to know the particular structure of the thin fi 1m throughout 

the process. Inforrrmtion regarding the crystal orientation, 

homogeneous stress, and crystalline quality was therefore obtained by 

x-ray diffraction. 

X-Ray Analysis 

The x-ray diffraction profi les were obtained using a General 

Electric XRD-5 diffractometer having a Bragg-Bretano geometry. The 

System is located in the Metallurgy Department of the University of 

Arizona. Ni filtered Cu Ka radiation was used for all runs. The 

divergence and receiving slits had apertures of 3 degrees and 0.2 

degrees, respectively. Medium resolution detector Soller slits were 

inserted in the incident and diffracted beams. The diffractometer was 

operated in a continuous scan mode with a radial speed of 0.2 

degrees/min. 

Si licide fi Ims on bare silicon substrates (orientation <111», 

annealed at various temperatures, were analyzed; a sequence of 

diffraction pattern is shown in Figure 4.7. The Joint Commitee of 

Powder Diffraction Standards (JCPDS) publication ·Selected Powder X-ray 
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Diffraction Data for Metals and Alloys"[1978] was used to compare the 

diffraction pattern of known materials with the ones measured. 

One problem with the x-ray diffraction analysis of thin fi Ims 

is that the relative intensities of diffraction lines for a material in 

thin fi 1m form do not necessari Iy match those of a powder; some lines 

can even be missing altogether. Nonetheless the observed diffraction 

lines could be identified as disilicide peaks. A sequence of spectra 

for different anneal temperatures is shown in Figure 4.7. 

The as-deposited fi Ims and samples annealed at temperatures up 

to 80De lack distinctive diffraction peaks besides those of the single 

crystal line substrate; it is therefore concluded that these samples are 

formed by an amorphous or very finely polycrystalline fi 1m. 

Insufficient sensitivity of the X-ray system used did not al low the 

confirmation of previously reported hexagonal tungsten disi licide below 

800e [Price, 1983]. Above 800e, a definite increase in crystall inity 

is evidenced by the occurence of diffraction patterns identified as 

tetragonal molybdenum and tungsten disilicide, respectively. As the 

fi Ims become more crystalline at high temperatures, the broadening of 

the diffraction peaks decreases, which is indicative of grain growth. 

By measuring the peak shifts with respect to standard samples 

(here MoSi 2 and WSi 2 powder), homogeneous strains in the samples can be 

found. 

Since, according to Bragg's law, the peaks define the 

interplanar distance of planes perpendicular to the surface of the 

fi Ims, any deviation from the peaks of a nearly perfect crystalline 

sample (a standard) wi I I be reflected in a stress along the direction 
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(4.2) 

Where d represents the interplanar distance of the shifted peak 

and d represents the interplanar distance of the standard. E > 0 o 

represents a fi 1m which is in tension, and E < 0 represents a fi 1m 

which is in compression, both of them along the perpendicular direction 

of the plane examined. 

If one assumes the biaxial model for an isotropic fi 1m 

[Murakami, 1983], the relations of the fi 1m stresses and fi 1m strains 

wi II be given by: 

- v 
Ell = E22 2v E33 (4.3) 

E 
°Il °22 = -Zv E33 (4.4) 

o (4.5) 

Where ° and £ represent the strain and stress in the film, 

respectively. The subscripts 11, 22, and 33 indicate the directions of 

mutually orthogonal axis in the fi 1m such that the 33 subindex 

represents the direction normal to the film surface. E and v are the 

elastic moduli and the Poisson's ratio of the fi 1m, respectively. 

Using equations (4.6), (4.7), and (4.8) we can obtain the 

strain and stresses in the fi 1m once strain or stress along any of the 

axes is known. 
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Table 4.3 Strain and Stress Data Determined from X-ray Diffraction 

A) Homogeneous Strain (normal to the Surface) in percent 

Anneal Temperature 
Plane 900 C 1000 C llQO C 1200 C 

(110 ) MoSi 2 0 0 -4.83 10-4 -2.17 10-3 

(101 ) MoSi 2 0 0 0 -1.95 10_
3 

(103 ) MoSi 2 0 0 0 -1.27 10-3 

(200 ) MoSi 2 0 0 0 1.58 10-3 

(002 ) MoSi 2 2.47 10-3 1.75 10-3 1.75 10-3 -8.74 10-4 

(202 ) MoSi 2 0 0 0 -4.08 10-4 

(213 ) MoSi 2 0 0 0 -8.98 10-3 

(006 ) MoSi 2 0 0 -4.78 10-4 0 

(002 ) WSi 2 0 1.02 10-3 -1.15 10-3 -2.84 10-4 

(100 ) WSi 2 0 2.07 10-3 -4.42 10-3 -1.19 10-3 

(110 ) WSi 2 0 -3.08 10-3 -3.56 10-3 -1.88 10-3 

(103 ) WSi 2 0 6.73 10-4 2.49 10-4 2.49 10-4 

(112) WSi 2 8.93 10-3 -1.37 10-3 -3.41 10-3 -2.39 10-3 

(200 ) WSi 2 0 -1.59 10-3 -4.75 10-3 -1.96 10-6 
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Table 4.3--Continued 

-2 8) Homogeneous Stress (Parallel to the Surface) in dyne em 

Anneal Temperature 
Plane 900 C 1000 C 1100 C 1200 C 

(110 ) MoSi 2 0 0 2.38 10
9 1.07 1010 

(101 ) MoSi 2 0 0 0 9.56 109 

(103 ) MoSi 2 0 0 0 6.26 109 

(200 ) MoSi 2 0 0 0 -7.79 10
9 

(002 ) MoSi 2 -1.22 1010 -8.63 109 -8.63 109 4.31 109 

(202 ) MoSi 2 0 0 0 2.01 109 

(213 ) MoSi 2 0 0 0 4.43 10
10 

(006) MoSi 2 0 0 2.36 109 0 

(002 ) WSi 2 0 -4.10 10
9 4.63 109 1.04 109 

(100 ) WSi 2 0 -8.33 109 1.73 1010 4.79 109 

(110 ) WSi 2 0 1.24 1010 1.43 10 10 7.56 109 

(103 ) WSi 2 0 -2.71 109 -1.00 109 -1.00 109 

(112 ) WSi 2 -3.59 1010 5.51 109 1.37 1010 9.61 109 

(202 ) WSi 2 0 6.39 109 1.91 1010 7.88 106 

We have used E(MoSi 2 )=1.63 10
12 

dyne/em;, and v=0.165 
E(WSi 2 )=2.41 1012 dyne/em, and v=0.3 [Moses, 1978] 
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The results of this analysis are shown in Table 4.3. Note the 

increase in stress and/or strain in the fi Ims as the annealing 

temperature is increased. The fact that the stresses of ther~1 Iy 

annealed fi Ims increase with temperature can be explained by 

considering the mechanisms of ther~lly induced stress in the fi 1m. 

Finally, a measure for the crystalline orientation of the 

microcrystals in the fi Ims is found in the relative intensities of the 

diffraction peaks. Figure 4.8 plots these intensities as a function of 

anneal temperature. The increase of crystall inity described above is 

easi Iy seen in these curves; note that most diffraction peaks increase 

proportionally, indicating the overall microcrystal growth in the 

fi Ims. Only at high anneal temperatures (1000 to 1100 C) is an 

orientation of the microcrystals visible in the sudden rise of one 

predominant peak. Different anneal behavior is observed for MoSi 2 and 

WSi 2 : Whi Ie the MoSi 2 peak intensity levels off above 900 C, the 

corresponding graph for WSi 2 shows a continuous intensity increase for 

al I temperatures investigated. 

Other Physical Properties 

Microhardness 

Unlike the softer aluminum, most si licides have hardnesses 

comparable to those of Si, Si02 or Si 3N4• This hardness and the 

resulting scratch resistance of refractory metal si licides are an added 

bonus in their use in integrated circuits because of reduced physical 

sensitivity in handl ing. The relative hardness of CVD MoSi 2 and WSi 2 

fi Ims was measured using a standard Knoop indentation system (OURIMET) 
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fabricated by the Ernst Leitz GmbH, Wetzlar, West Germany. According 

to the Knoop formula, the Knoop hardness in Kg/sqmm, HK, is given by 

[Durimet Indentation Systems Manual; n.d.] 

HK = 14230.P 
£2 

(4.6) 

where P is the load in grams and I the length of the longer diagonal in 

micrometer. 

Since thin films are measured, care has to be taken to exclude 

substrate effects. To determine the effect of penetration depth as a 

function of the load P, a series of measurements with different loads 

was taken for each sample tested. The resulting Knoop hardness as a 

function of load weight is shown in Figure 4.9 for samples before and 

after various anneals. Also included in this Figure is a calibration 

of the microhardness of the si licon substrate. It can be seen that the 

microhardness measured is a function of the load applied, especially so 

for materials of much higher or lower hardness than that of the 

substrate. This effect can be explained by purely geometrical 

considerations. The penetration depth of the diamond stylus is 

approximately ten percent of the indentation length measured. For 

large loads this length, and with it the penetration depth wi I I 

increase proportionally, puncturing the thin fi 1m and indicating the 

hardness of the substrate instead of that of the thin fi 1m. 

Consequently only the lightest loads (15 grams and 25 grams) appl icable 

in the present system were used to obtain the data in Figure 4.9. From 

these measurements it appears that the anneal and the resulting 
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crystallization have a drastic effect on the microhardness of the 

si licide fi 1m. Whi Ie the as-deposited samples are softer than the 

si licon substrate, increasing anneal temperatures wi II produce 

increasingly harder fi Ims. It appears that for anneals up tp 1100C the 

measured hardness is in good agreement with literature data on thin 

fi 1m si licides (Table 1.1). Above 1100C, much harder fi Ims are 

observed. 

Anneal Shrinkage 

Amorphous thin fi Ims are by definition less dense than their 

crystalline counterparts; shrinkage during their anneal can therefore 

be expected. If this shrinkage is large enough, considerable stresses 

can bui It up. To quantitatively measure the amount of shrinkage, 

si licide fi Ims on si licon nitride were patterned and etched using 

standard procedures (see Appendix E). After stripping the photoresist, 

the thickness of the si I icide was measured using a Tencor Alphastep 

profi lometer. Five points on each wafer were ~rked with a diamond 

scribe and measured, center and four edge locations spaced 90 degrees 

apart. The wafers were cleaned, exposed to anneal cycles at various 

temperatures, and the si licide thickness was measured again at the same 

locations. The difference of the thickness before and after anneal, 

normal ized to the thickness before anneal, is taken as a measure of the 

relative shrinkage of the fi 1m in percent, and is plotted in Figure 

4.10. The shrinkage rate is relatively linear with anneal temperature 

ranging from about 8% at 800C to 12% at 1200C. Calculations for 
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comparable PVD samples result in volune decreases of about 27 percent 

(26.5 percent) when the sintering of a molybdenun (tungsten) metal fi 1m 

over underlying si licon is modeled [Murarka, 1983]. 

Step Coverage 

Due to the surface activated nature of the deposition reaction, 

conformal fi 1m deposition is expected in CVD, unless mass flow 

limitations counteract this trend. This feature of CVD is one of the 

nlain argunents for its use in VlSI circuit fabrication, as outlined in 

Chapter 1. In Figure 4.11 pictures of selected step structures taken 

by a scanning electron microscope are shown. In both parts of this 

Figure oxide steps of approximately 8000 Angstrom step height were 

patterned using wet (part a.) and dry (part b.) etching techniques. 

The pitch of the resulting steps depends largely on the techniques 

used; wet etching produces sloped, isotropical Iy etched sidewalls, 

whi Ie plasma etching creates near-vertical oxide steps due to its 

anisotropic etching behavior. A silicide film of approximately 3600 

Angstrom thickness was then deposited and patterned into lines 

perpendicular to the oxide step. It can be seen that independent of 

the step angle excel lent step coverage of better than 95 percent is 

obtained. The deposited thin si licide films are indeed conformal with 

the substrate, no breaking or thinning along edges is observed. 
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Adhesion 

Stresses in thin fi Ims can severely degrade their adherence to 

the substrate; in the worst case lifting, peeling, or cracking can 

occur. Different substrate materials, with different expansion 

coefficients and surface properties, as well as fi 1m thickness and 

deposition method are main factors in determining the adhesion 

properties of a given material stack. In this work .CVD thin films of 

MoSi 2 and WSi 2 between 100 and 6000 Angstrom thick were deposited onto 

single-crystalline si licon, graphite, aluminum, as well as thin fi Ims 

of polycrystalline silicon, silicon dioxide, and silicon nitride. The 

deposited fi Ims were in many cases exposed to all steps of the 

integrated circuit fabrication sequence without any observable 

degradation of their adhesion. Rapid temperature changes on the order 

of 1,000 to 10,000 Clmin, exposure to solvents and cleaning agents, as 

wei I as long term (6 to 8 month) storage showed no deleterious effects 

on the film properties. Si licide fi Ims thicker than 6000 Angstrom were 

not investigated, predominantly because the sheet resistances obtained 

were quiet sufficient for IC purposes. It can be speculated, however, 

that a large safety margin sti II exists before thicker films wi II be 

adversely affected. 



CHAPTER 5 

ELECTRICAL CHARACTERIZATION 

Knowledge of deposition kinetics, structure, composition, and 

other physical properties of the silicide is vital for understanding 

and tai loring the thin film properties to the needs of the fabrication 

process; yet, only the demonstration of working devices can provide the 

ultimate test of integrated circuit performance. Moreover, electrical 

characterization can in many instances provide faster, but nonetheless 

accurate, information about fi 1m properties which otherwise must be 

evaluated using time consuming direct methods. Sheet resistance 

measurements, for example, can thus be related to fi 1m thickness and 

uniformity; the resistance of lines crossing a known number of steps 

provides information about the step coverage; and bias-temperature C-V 

techniques can give information about the mobile ion concentration in 

the gate dielectric at detection levels well below those of surface 

analysis tools. The chapter first summarizes the results of these 

measurements and proceeds to evaluate the perforrnancG of test devices 

fabricated in the Microelectronics Laboratory of the University of 

Arizona. 
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Provided that fi Ims of moderate uniformity are deposited, it 

can be assumed that the resistivity, as a material property, wi II not 

vary appreciably across the wafer or the boat. The sheet resistance of 

a particular fi 1m can then be used to determine both the uniformity and 

the thickness of the deposit, provided that an independent thickness 

calibration is performed. This method was already used in chapter 3 to 

characterize the deposition kinetics over the boat; the reader is 

referred to the results presented there. Extending this train of 

thought, geometry effects can be tested by electrical means. The fi 1m 

uniformity over a wafer and the step coverage in particular are 

parameters of concern. 

A mask set provided by Motorola, Inc. is designed to provide 

such measurements on 3" wafers fran van der Pauw geometries patterned 

into the metal fi 1m. Lines of various width (version 1 has 2, 3, 4, 

and 5 micrometer lines; version 2 has 6,8,10,12 micraneter lines) 

are delineated in alternating rows with and without underlying steps 

(60 steps total per line). An automatic wafer prober can then be used 

to test each die and record the sheet resistance for each reading. A 

histogram of all readings can be campi led to estimate the overall 

resistance variation over the wafer; representative examples are given 

in Figure 5.1. It appears that the sheet resistance measured over a 3" 

wafer by this method has a standard deviation (half width) of less than 

+/- 5 percent. To further illuminate the local distribution of 

resistance variations, wafer maps as shown in Figure 5.2 can be used. 
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It is found that most readings outside the distributions of Figure 5.1 

are located on the wafer edges, in particular on the right wafer side 

(observed in all wafers probed). Two effects can be responsible: The 

uniformity discussions of chapter 2 predict edge effects which may 

result in thinner or different films; thin rings of different visual 

appearance are indeed observed around the wafer edge in most runs. 

There is, however, the added complexity of the wafer processing 

necessary to obtain the above data. Since the standard processing 

sequence in the Microelectronics laboratory is based on 2" substrates, 

the different handling of 3" wafers in particular can influence the 

photolithographic line definitiono The local occurence of higher than 

normal resistance readings on the right wafer edge of all samples 

tested suggests that a processing rather than a deposition influence 

might be responsible. 

Finally, the additional resistance due to steps etched into the 

substrate can be evaluated from cross sectional resistance plots across 

the wafer [Hall, 1967], shown in Figure 5.3. line thinning over steps 

would increase the resistance of such lines; consequently, alternate 

rows of lines with higher and lower resistance should be visible in 

this graph if poor step coverage is encountered. In this particular 

case, si licide lines of approximately 4000 Angstrom thickness crossed 

oxide steps of 8000 Angstrom step height. It is seen that besides the 

overall resistance variation over the wafer no other structures can be 

identified. This supports the findings of chapter 4 where SEM 

photographs of selected samples showed nearly complete step coverage of 

the films. 
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Resistivity as a Function of Anneal 

From sheet resistance measurements and the measured thickness 

of selected ~fers the resistivity of the fi Ims is calculated for 

various anneals and plotted in Figure 5.4. For comparison, data of PVD 

fi Ims are also shown [Murarka, 1983]. It is seen that in the case of 

WSi 2 the anneal of CVD films produces si licides with resistivities 

sl ightly above those of corresponding PVD fi Ims, whi Ie the data for 

MoSi 2 agree with PVD literature data. Since experiments with different 

metal to silicon ratios have shown [Murarka, 1983], that the 

resistivity of WSi x is rather sensitive to deviations from x = 2 to 

larger (silicon-rich) values, it can be concluded that a silicon-rich 

tungsten sil icide is deposited. This supports the findings discussed 

earlier in the comparison of AES and RBS results, where the argument 

tended to favor a silicon-rich phase. Molybdenun si licide, on the 

other hand, is reported to be rather insensitive to stochianetry 

variations, as also evidenced in above resistivities. The final sheet 

resistances obtained for either silicide are on the order of 1 to 2 

ohms per square for a 5000 Angstrom rayer, which is a significant 

improvement over the currently used poly-silicon interconnects, and for 

the most part suffice in current and future VlSI applications. 

Gate Electrode Evaluation 

Interactions of the gate electrode material with the thin gate 

oxide, approximately 200-400 Angstrom in current Circuits, cannot a

priori be excluded. Impurity diffUSion, heavy metal contamination, as 

well as chemical exchange interactions might preclude the use of a 
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given metalization scheme for integrated circuits. It was already 

emphasized in chapter 1 that polycrystalline silicon is in widespread 

use as a gate ~terial, predominantly because of its circuit and 

process compatibi lity and the excellent stabi lity of devices fabricated 

with poly-si licon gates. The silicon/si licon dioxide interface 

properties are well understood and controllable. 

Two alternate avenues of pursuit can be followed in improving 

the cortductivity of the gate level interconnect: 

1) By using a stacked double layer of poly-silicon with a more 

conductive ~terial on top, the excellent interface properties of 

si licon are preserved, whi Ie the sheet resistance of the ~terial is 

significantly reduced. Drawbacks are the added process complexity and 

the need for multi-layer etching schemes. 

2) An alternative electrode ~terial which exhibits simi lar properties 

to the current poly-si licon gate, but is more conductive may lead to a 

completely new processing sequence. Interface properties of the novel 

material must be thoroughly evaluated to ascertain its stabi lity. 

Obviously, if a viable alternative to poly-Si can be 

demonstrated, there is no need for the added complexity of stacked gate 

electrodes. Although not of paramount importance, an added benefit of 

the use of refractory metal si licides in this context is their work 

function, which is close to the midgap of si licon. Because of this, 

threshold voltage adjustments may become unnecessary for MOS circuits 

[Chen, 1983], since transistors can be fabricated having intrinsic 

threshold voltages to VlSI circuit specification. 
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In order to test the gate stabi lity of the sil icides deposited, 

a gate oxide about 1000 Angstrom thick was grown on p-type ~fers 

(orientation <100>, 5 to 10 Onm*om) using the process given in Appendix 

E, and a selection of avai lable gate materials ~s deposited, among 

them 

- polycide (si licon/si licide) stacks, 

- direct si licide on gate, and 

- polycrystalline si licon. 

Electron-beam evaporated aluminum metal served as a known metal work 

function reference. A large dot pattern (1000 mi 12) ~s etched into 

the gate electrodes and backside substrate contacts were formed using 

thermally evaporated aluminum. 

Gate Short Statistic 

The most severe degradation of performance in a MOS device is 

the creation of a pinhole connecting the gate with the transistor 

channel. The formation of fatal gate shorts was measured as a function 

of anneal procedure by testing the completed gate electrode stacks both 

before and after high temperature processing. Figure 5.5 gives a 

sumrrmry of the results obtained. It is found that the high temperature 

anneal created fewer pinholes in most silicide gates than in comparable 

poly-si licon gates within the same process batch. At temperatures up 

to 1100 C the anneals produced good MOS capacitor yields with very low 

pinhole densities. Since anneals above 1100 C are useful in 

experimental evaluations only, and wi II never be appl ied to actual 
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device fabrication, the si licide stacks are found to be of comparable 

performance to poly-si licon gate electrodes. 

Since the increments in the number of shorts measured by above 

technique are integer numbers of fairly large dots, and the resulting 

curves are accurate to aproximately +/- 1 dot, a variation by one 

sample dot corresponds to roughly 1.5% error in the curves shown in 

Figure 5.3. Especially at high fai lure rates, the graph becomes 

meaningless in terms of pinhole densities per unit area because of the 

large dot size (1000 mi 12 ). Additional inforrr~tion was therefore 

sought by testing high fai lure devices for the actual number of 

pinholes per unit area using an EBIC/SBM combination. In the EBIC 

(electron-beam induced current) mode a scanning electron beam is used 

to create electron/hole pairs in the semiconductor. Within any 

depletion region these carriers wi II be separated and can be observed 

externally. EBIC therefore gives a measure of the extent and 

geometrical shape of depletion layers within the field of vision. In 

our application this feature can be used to quantitatively determine 

the number and size of pinholes in the gate stack, since the gate 

material wi I I form Schottky diodes with the underlying semiconductor. 

An example of the i~ges obtained is shown in Figure 5.4, where the 

EBIC signal shows both the pinhole geometry and density of a Si/MoSi 2 

stack annealed at 1200C (~gnification 1000X). The observed pinhole 

density corresponds to approxi~tely 400 pinholes per square micro

meter, which is indeed a catastrophic fai lure mode. Most other samples 

from zero yield wafers investigated by EBIC showed appreciably lower 

pinhole densities, on the order of 10 pinholes per C-V dot (1000 mi 1
2 ). 
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Fig. 5.6 EBIC Image of Catastrophic Gate Short Failure 
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Capacitance-Voltage Characteristics 

low level irTl>urity concentrations can severely limit and 

degrade the MOS surface properties of IC's. A standard and very 

sensitive means of characterizing a given gate material has been 

established in the bias-ten~erature capacitance-voltage test. The 

detai Is of this test procedure can be found in any MOS process text 

[Grove, 1967; Sze, 1969], and will therefore be omitted here. A series 

of measurements at a standard frequency of 1MHz was performed for each 

test device, including the initial C-V curve and the curves after 

biasing the gate to an electric field of +/- 1.106 V/crn at 250 C for 5 

minutes. The theoretical expression for the flatband capacitance 

= (E's q2 NA )!2 
CFBS kT. (5.1 ) 

can be appl ied to the measured C-V curves and the experimental flatband 

voltage Vfb can be found. Vfb in turn can be correlated to the various 

potentials occuring in the gate stack by 

(5.2) 

Any shift in flatband voltage due to the bias temperature treatment 

can then be directly correlated to the mobile ion concentration in the 

oxide by 

(5.3) 

Comparison of the experimentally obtained flatband voltage with the 

theoretically predicted one can thus produce a measure of the interface 

state density in the oxide from an evaluation of Equ. (5.2), while the 
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bias-temperature shift of the curve produces mobile ion densities using 

Equ (5.3). Table 5.1 gives a list of all pertinent C-V parameters 

obtained for the various gate materials investigated. It can be seen 

that aluminum reference data for both batches show impurity 

concentrations in the gate oxide on the order of 5 • 1010 an- 2 mobile 

ions (from Equ (5.3)) and 2 • 1011 an-2 interface states (from Equ. 

(5.2)) using an aluminum work function of 3.2. These numbers have to 

be compared to less than 1 • 1010 an-2 mobile ions ~nd 1 • 1011 an-
2 

interface states consistently obtainable in commercIal operation. 

Assuming literature data for the work functions of ioth si licides, the 

corresponding interface trap densities for si licidegate electrodes are 

slightly higher. Yet, in view of the facts that the silicide work 

functions are not accurately knoMl, and that the gate oxide thickness 
, 

can only be reproduced and estimated to within +/- 30 % with the tools 

avai lable, no definite differences are observed between standard gate 

metalization schemes and the silicides investigated here. Within the 

sensitivity of available measurements detectable variations among the 

various gate materials are within error limits. 

Interestingly enough, the mobile ion concentration determined 

from bias temperature shifts in the flatband voltage shows that the 

si licides have less mobile impurities in the gate stack than comparable 

aluminum metal ization. Whi Ie both si licides show rather large values 

for as-deposited material, the mobile ion concentrations can be 

annealed out easi Iy. Possible mechanisms for this phenomenon could be 



Table 5.1 list of Capacitance-Voltage Parameters 

Gate 
Electrode 

A I lJl1 i mJl1 

A I t.rn i n lJl1 

MoSi 

MoSi 

MoSi 

Si/MoSi 

Si/MoSi 

Si/MoSi 

Si/MoSi 

WSi 

WSi 

WSi 

WSi 

WSi 

Si/WSi 

Si/WSi 

Si/WSi 

Si/WSi 

Anneal 
TeIll>erature 

450 C 

450 C 

as dep 

900 C 

1000 C 

as dep 

900 C 

1000 C 

1100 C 

as dep 

900 C 

1000 C 

1100 C 

1200 C 

as dep 

900 C 

1000 C 

1100 C 

Vfb 

Vol ts 

-1.72 

-1.11 

-2.75 

-1.375 

-0.92 

-1.62 

-1.12 

-.965 

-1.24 

-2.71 

-0.91 

-1.19 

-1.09 

-0.94 

-1.49 

-1.38 

-0.97 

-1.17 

Vfb 

Vol ts 

0.20 

0.24 

0.72 

-0.05 

0.0 

0.05 

-0.25 

-0.07 

+0.12 

-2.68 

0.18 

-0.12 

0.17 

-0.17 

0.11 

-0.17 

0.02 

0.02 

2.40 

1.10 

6.90 

3.90 

2.90 

4.40 

3.40 

3.00 

3.60 

8.20 

4.30 

4.90 

4.70 

4.40 

5.60 

5.30 

4.40 

4.90 
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Nrmb 
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-2 em 

4.3 

5.2 

15.5 

-1.1 
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1.0 

-5.4 

-1.5 

2.6 

-57.7 

3.9 

-2.6 

3.7 

-3.7 

2.3 

-3.8 

0.4 
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the chemical bonding of interstitial carbon or carbon oxides to silicon 

during the anneal, or a higher nnbi Ie ion solubi lity in the si licide 

than in the underlying oxide. Note also that same measurements give 

negative voltage shifts; wni Ie this could be partially due to 

measurement inaccuracies, a complete explanation has not yet been 

found. 

The comparably large density of interface states appears to be 

independent of the gate electrode ~terial used. The observed 

reduction in these states during high temperature anneal cycles 

suggests a fabrication induced process. Deal et al [1967] have shown 

that the creation of surface states at the oxide-si licon interface is 

strongly process-dependent and that subsequent heat-treatments can 

significantly reduce the number of these states. During the process 

employed, the si licide anneal is the first high temperature step after 

gate oxide for~tion; the observed behavior is thus compatible with the 

earlier work cited above. 

From bias-temperature C-V measurements we conclude that 

- within the error limits present there appear to be no definite 

differences between si licides and standard gate ~terials, 

- using literature data for metal work functions, interface trap 

densities on the order of 2 to 3 • 1011 cm- 2 are found, 

- mobile ion concentrations of better than 5 • 1010 cm- 2 are observed. 

It must also be noted that the observed charge densities are inherent 

in the fabrication process employed and cannot be assigned to a 

particular gate ~terial. 



Integrated Circuit Evaluation 

Within the complex sequence of modern integrated circuit 

fabrication, where more than 150 fabrication steps are common to 

cOfTlllete even si/lllie circuits, minor process changes may cause 

irreversible degradation of the delicate balance in the process. 

Various problems can arise on the circuit level from the seemingly 

cOfTllatible substitution of one material (here poly-silicon) with 

another (MoSi 2 or WSi 2 ), which wil I not be observable except through 

the actual fabrication of devices. Without attempting to anticipate 
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al I possible interactions, the fol lowing list s~rizes circuit level 

concerns that must be adressed: Material etchabi lity, interdiffusion of 

heavy metals and si licon or oxide, contact resistances, Schottky diode 

behavior, work functions, as well as overall transistor performance. 

Within the scope of this work we wi II only address the electrical 

aspects, whi Ie leaving the remainder to the material scientist. 

Description of Mask Set SRC-1 

To evaluate the performance of test devices and to adress the 

questions raised above, a general purpose test mask set was designed 

and devices were fabricated in the Microelectronics laboratory of the 

University of Arizona. The detai led device layout and fabrication 

sequence are presented in Appendices D and E, respectively. The mask 

set was targeted at the following areas: 
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- Transistor characteristics 

- Metal-semiconductor effects 

- Oxide characterization 

- Diffusion evaluation 

- Interconnect properties 

- Photolithography 

Table 5.2 gives a list of all devices incorporated on this mask set. 

With it the process and possible variations in it were monitored. In 

the following only those characteristics are reported wnich have a 

direct bearing on the attempted substitution of si licides for the poly-

si licon gate level. 

Contact Resistance 

Both the electrical and mechanical stabi lity of the metal-

semiconductor interface are essential to forming good contacts to the 

device. Unfortunately, all metal-semiconductor contacts have a 

potential barrier wnich make the contact rectifying. The lower the 

barrier height, the better the contact. Thus, a metal cannot have low 

or zero barrier height on both n- and p-type semiconductors at the same 

time. This problem can generally be solved by using an intermediate 

layer of heavi Iy doped semiconductor under the metal contact. The 

electron tunneling through the barrier at the interface then causes 

near omnic current flow. The figure of merit describing the quality of 

a metal-semiconductor contact is the specific contact resistance, 

R (~om2), wnich can be obtained from current density and voltage. 
c 
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Table 5.2 Devices Incorporated on Mask Set SRC-1 

Devi ce Use 

Transistors: 
- Self-al igned MOS, 130 /.1m wide 

with 3, 5, 10, 20, 50 /.1m long 
devices 

Transistor Characteristics, 
Gate Electrode Performance 

Standard MOS, 130 /.1m wide 
3, 5, 10, 20, 50 /.1m long 
1 base diffusion with 
2 emitters 60x60, 110x130 /.1m 2 

Di odes: 
- Schottky, different areas 

5x5, 10x10, 20x20, 30x30, 
30 x70, 90 x170, 180 x180 /.1m2 

Capac i tor s: 
- one each with n+ diffusion 

for gate and field+oxide 
- one each without n diffusion 

for gate and field oxide 

Resistors: 
- 1 diffused resistor, 40 /.1m wide 
- 2 poly Si resistors 
- 3 point contact resistor 

Metal lines of Various Width: 
- 2, 3, 4, 5, 10, 20, 40 /.1m 
- 40 wide alternating 

meta I/di ffus ion 
or metal/poly Si 
or metal/metal connection 
42 contact holes20f 
5, 10, or 20 /.1m area 

Metal - Semiconductor 
Effects 

Oxide Characterization 

Determi ne 
. s ' Diffusion .nto Si licon 

Determine Properties of 
Deposited Interconnect 

- 4 point probe of one contact Contact Resistance 

Miscellaneous: 
Etch pattern, Step coverage pattern, 
al ignment marks and mask identification. 
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Ideally R is the resistance per unit area of the metal-semiconductor c 

interfacial layer only. In order to measure Rc and to separate out 

parasitic effects, four point probe measurements as outlined in Figure 

5.7 were performed [Chern and Oldhrun, 1984]. 

The contact resistance has been shown to depend strongly on the 

semiconductor doping level [Yu, 1970], which in the case of silicides 

can cause added concerns. Silicides are known to act as ·solid state 

pumps· when brought into contact with heavily doped si licon [Tsai et 

aI, 1981]. The higher solubility and diffusivity of dopants, in 

particular phosphorus, in silicides can thus cause severe contact 

degradation and reduce the o~ic quality of the interface. 

Using the four-point probe geometry of Figure 5.7, the current-

+ + 
voltage characteristics of MoSi 2 and WSi 2 were taken, both on nand p 

contact diffusions; as a function of anneal temperature these curves 

+ + are shown in Figure 5.8 for p contacts and in Figure 5.9 for n 

2 + contacts of 2x2 to 3x3 )Jm size. Surface concentrations for the p 

and n+ diffusion were 2*10 21 am- 3 and 3.5*1020 am-3 , respectively. It 

is seen that both silicides show similar characteristics: 

+ For the lower doping level of n contact diffusions a more pronounced 

nonlinearity is observed in the curves. The larger concentration of 

+ boron in the p contact measurement significantly reduces this effect 

and improves the specific contact resistance. The anneal temperature 

also influences the above curve characteristics. It is observed that 

high temperature anneals (1100 C and 1200 C) generally display more 
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nonl inearities than the lower temperature anneals. This effect may be 

caysed by the earlier mentioned solubi lity difference of dopants in 

si licon and si licide. Contact resistances were measured in the range 

of 5*10-6 nom2 to 2*10-5 ncrn2 for 4 to 10 ~m2 contact windows. This 

compares wei I with 1*10-5 ncrn2 measured for aluminum on 1*1020 an- 3 n-

type si licon [Yu,1970]. 

Schottky Diode Characteristic 

Four apparent variables control the barrier height of si licides 

on si I icon: 

- the work function of the si licide, 

- the crystalline or amorphous structure of the si licide-silicon 

interface, 

- the abi lity of metal atoms, which may have diffused into the silicon, 

to act as carrier traps and thus participate in the current-carrying 

process, and 

- the outermost electron configuration of the metal atoms. 

USing the standard equation for the current density as a function of 

the applied voltage V across a Schottky barrier [Sze, 1969] 

J = A*T q ¢S (q(~¢+V) 
exp (-----) exp kT nkT 

(5.4) 

* with A Richardson's constant, ¢B the Schottky Barrier height, and n 

the diode ideality factor, we can experimentally determine ¢B from the 

intercept of a plot of log J versus V under forward bias. Silicide / 

n-type si licon Schottky contacts were measured for various anneal 

temperatures. It is found that the Schottky barrier height for medium-
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sized contacts (30x30 Jlm2) is independent of the anneal process 

employed and is nearly identical for both si licides at 0.4 Volts plus 

or minus 0.01 Volt. This is appreciably lower than literature data 

(Table 1.1). Possible reasons for this discrepancy can lie in the 

inaccuracies of measuring the contact size and the overall experimental 

setup. Measurements of the photoresponse with monochromatic light 

should be much more accurate. 

Transistors 

Both self-al igned and standard diffused transistors have been 

fabricated using refractory metal silicides as the gate electrode 

material. The effects of high dopant concentrations on the si licide 

resistivity have been investigated elsewhere [Tsai et ai, 1981; 

Mohrunnadi and Saraswat, 1980] and wi II not be reviewed here. Devices 

with varying channel length (50,20,10,5,3 Jlm) and constant width of 

130 jJm were fabricated and transistor parameters of interest were 

tested. Since the overall substitution of one gate material with 

another does not affect the basic operating principles of MOS 

transistors, the change should be transparent to the process deSigner, 

except for threshold voltage adjustments caused by the different metal 

work functions. The fol lowing tests were performed to ascertain that 

this transparency is indeed given. 

A Tektronix type 575 transistor curve tracer was used to 

measure the source-drain leakage currents, source-drain breakdown 

voltages, threshold voltages, and the overall transistor curves for 

devices exposed to different anneal cycles. Standard diffused 
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transistors were used to separate the gate material effects from 

possible effects caused by ion implant damage. P-type substrates from 

the same batch used previously for C-V measurements (orientation<100>, 

5 to 10S"lcm Boron) served as the substrate in this process. It is found 

that al I fabricated si licide gate transistors operate in the depletion 

rmde, indicating that at zero gate voltage the si I icon surface is 

inverted. Figure 5.10 gives an example of the source-drain current-

voltage characteristic for a typical long-channel device (channel 

length 20 ~m) annealed at 1000 C using MoSi 2 as the gate material. 

From the Ids-Vds curves the source-drain breakdown voltage with open 

gate (VBVO ), and the source-drain leakage current under cutoff 

conditions were determined. The breakdown voltage is found to depend 

only on the substrate doping and transistor channel length and is 

independent of the anneal temperature (Figure 5.11), or the gate 

electrode material. Figure 5.11 also shows a plot of the source-drain 

leakage current as a function of channel length for different anneal 

temperatures. It is seen that for medium size devices the leakage 

currents are at the detection limit of the tester, approximately 1 ~A. 

At low anneal temperatures the leakage increases considerably. Since 

the wafers have not been exposed to ion-implantation or other 

radiation-producing environments, the source of this leakage current 

must be identified elsewhere. Threshold voltage shifts indicate that 

the surface inversion is worsening for low anneal temperatures, as wi II 

be seen in the fol lowing paragraphs. The observed increase in leakage 
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current could thus be due to surface inversion under the field oxide, 

especially so since no field implant is used to prevent this from 

happening. 

The threshold voltage of a ~~SFET can be found from the 

condition of strong surface inversion [Hruni Iton and Howard, 1975] 

Qss QB(max) 
VT = ~ms + 2 ~FB - --C-- - C 

o 0 

(5.5) 

Since the p-type substrate used for device fabrication are identical to 

the ones used previously for C-V measurements, a direct comparison of 

results is possible. For the given substrate doping density of NA= 
3*1015 an-3 boron d 1000 A "d f" d acceptors an ngstrom gate OXI e, we In 

-8 -2 
~FB = 0.31 Volts and 0B = -2.48*10 Cb ern Assuming the same 

si licide work function as before, ~ is 0.14 Volts for MoSi 2 and 0.69 ms 

Volts for WSi 2 • If no surface states 0 are assumed the threshold ss 

voltage of n-channel transistors then becomes 1.48 Volts and 2.03 

Volts, for MoSi 2 and WSi 2 , respectively. If the intrinsic surface 

state density of <100> oriented silicon is included, Oss = 9*1010an-2 

[Hruni Iton and Howard, 1975], the threshold voltage drops to 1.06 and 

1.61 Volts, respectively. This means that n-channel enhancement 

transistors with threshold voltages around 1 Volts can be fabricated 

directly on the p-type substrate material if no other sources of 

charged impurities are considered. 

Experimentally, al In-channel si licide gate transistors are 

found to operate in the depletion mode rather than the theoretically 

predicted enhancement mode, as seen in the negative threshold voltages 

shown in Figure 5.12. From C-V measurements we deternlined earlier that 
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an active interface state density of approximately 5 * 101
'1 crn- 2 is 

present in the gate oxide; taking this influence into account in the 

calculation of the threshold voltage results in the reduction of VT by 

2.32 Volts for a 1000 Angstrom gate oxide. This in turn will result in 

the shift of the theoretically predicted thresholds to -0.84 Volts for 

MoSi 2 and -0.29 Volts for WSi 2• It is seen in Figure 5.12 that the 

experimentally determined threshold voltages correlate well with the 

predicted shift due to the charge density measured earlier by C-V 

techniques. Note also that the threshold voltage, simi lar to the 

transistor leakage current discussed earlier, is a function of anneal 

temperature. Comparison with standard aluminum gate devices confirms 

the statements made above. The threshold voltages for standard 

aluminum devices also correlate to surface state densities around 

3*1011 cm- 2 

The most likely explanation for the observed effects is thus 

the existence of surface states of the above cited magnitude at the 

oxide-si licon interface, as deduced from both capacitance-voltage and 

transistor threshold characteristics. These interface states are 

process dependent and can be reduced significantly by subsequent heat

treatments, as also seen above. Selected device wafers of MoSi 2 were 

brought close to theoretical threshold values by anneals in dry 

nitrogen at 1000 C for 60 minutes, confirming these statements. 

Since the leakage current in MOS devices is predominantly 

surface controlled (espeCially so for p-type substrates), their 

treatment in turn follows the above reasoning. 



THRESHOLD VOLTAGE VT (Volts) 

o 

-1 

-2 

• 800 C 

• 900 C 

• 1000 C 

3 5 10 20 

TRANSISTOR CHANNEL LENGTH (~m) 

: 

50 

Fig. 5.12 Threshold Voltage of MoSi
2 

Gate N-Channel Transistors 

as a Function of Channel Length for Different Anneal 

Temperatures 

172 



CHAPTER 6 

SUMMARY AND CONCLUSIONS 

Summary of Results 

The goal of this work was the conception and verification of a 

hotwal I LPCVD process for the deposition of refractory metal silicides 

for large scale integrated circuit appl ications. The deposition of 

MoSi 2 and WSi 2 from their commercially avai lable hexacarbonyls and 

si lane was chosen to verify the theoretical models presented. The 

process used here should be transferrable to ~ny of the chemically 

simi lar transition metal carbonyls which ~kes this chemical vapor 

reaction a very general tool for the deposition of silicides. Uniform 

deposits of both tungsten and molybdenum silicide can be obtained at 

relatively low deposition temperatures (200-300C) with only few percent 

of bound carbon and oxygen in the fi Ims. Simulations predict that 

these impurity levels can stil I be significantly reduced by larger pump 

systems with higher gas throughput. The as-deposited fi Ims are 

amorphous as determined by X-ray diffraction and can be crystallized 

through subsequent heat treatment. Anneals in various gas ambients do 

not show appreciable differences; however, the resistivity of the films 

is a strong function of the anneal temperature and is comparable to 

that of PVD fi Ims under simi lar conditions. The fi Ims are found to be 

very scratch resistant, have good adhesion to the substrate, and cover 
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steps conformally. Anneal shrinkage during crystallization is 

approxi~tely 10% for standard anneal cycles. 

Electrical testing on various levels shows that CVD si licide 
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fi Ims have properties simi lar to those of poly-si licon gate electrodes. 

Gate short statistics are in ~ny cases even better than those of 

comparable poly-si licon gates. Bias temperature C-V measurements show 

that gate electrode stacks both of polycide (poly-si licon/si licide 

double layers) and si licide alone have MOS properties very simi lar to 

known references such as electron-beam evaporated aluminum. Within the 

error limits imposed by the process no differences are observed between 

standard processes and the suggested replacement si licides. Further 

evaluation on the integrated circuit level confirmed the C-V results. 

Both the threshold voltages and the leakage currents measured on MOS 

transistors are compatible with the oxide charge densities obtained 

from capacitance voltage data. Contact Resistance and Schottky 

behavior of the deposited si licides are also found to conform to 

integrated circuit requirements. The scope of this electrical 

evaluation necessari Iy had to be limited to Simple test structures due 

to equipment avai labi lity, but nonetheless provides a basis for more 

complex circuit applications. 

Conclusions and Suggestions for further Investigations 

From the above, it can be concluded that the hotwall LPCVD 

process presented in this work appears to have viable economic 

appl ications as a substitute for the current poly-crystalline si licon 

gate level. In particular in VLSI circuits the reduced gate lead 
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resistance of refractory metal silicides over poly-si licon can result 

in improved circuit response time. The conformal fi 1m deposition at 

high throughput rates obtainable in the hotwal I low pressure chemical 

vapor deposition satisfies the needs of large volune ~nufacturing. 

Test device evaluation shows no appreciable perfor~nce differences 

between the novel si licide gate electrodes and standard MOS 

transistors. Hbwever, further testing and consolidation of long-term 

statistical results are needed before high volume fabrication line 

appl ications can be envisioned. 

Upon completion of this dissertation, two ~in suggestions for 

future improvements come to mind: 

Firstly, the model predictions concerning impurity concentrations in 

the growing fi Ims indicate that higher pump rates wi I I reduce the 

amount of carbon and oxygen incorporated in the fi Ims. This suggests 

the use of a high throughput, Roots-type, vacuum system which could not 

be implemented during this work due to cost considerations. 

Secondly, the use of si lane in semiconductor processes is a major 

concern because of safety considerations. Si lane is a pyrophoric, 

explosive gas, that must be handled with extreme care. Although widely 

used in poly-si licon depositions, it would be desirable to find 

alternatives. At the temperatures of interest, si lane by itself does 

not decompose, suggesting the formation of an intermediate metal-organo 

si I icon compound; this is supported by findings in the emerging field 

of organometal I ic compounds [Jetz and Graham, 1971; Knox and Stone, 

1970; Aylett, Campbell, and Walton, 1969]. If this is the case, less 

reactive organosi licon compounds, i.e. pentylsi lane [Hey, 1984], could 



be substituted without loss of perfor~nce. A note of caution is 

necessary at this point; halide bearing compounds such as 
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dichlorosi lane should not be considered, since carbon monoxide has the 

potential of creating extremely toxic hal ide compounds, i.e. 

phosgene (COCI 2 ). 



APPENDIX A 

TOXICITY DATA FOR SOURCE MATERIALS 

The fol lowing is a short compi lation of toxicity data for corrr 

pounds used as starting materials or having the potential to be present 

during the source handling, decomposition, or system maintenance. AI I 

data were taken from Sax [1979]; the reader is referred to this 

reference for more detai Is and a complete list of abbreviations. 

Ca r bon Monox i de 

Colorless, odorless gas. CO, nw: 28.01, Ill>: -207C, bp: -

191.3C, lei = 12.5%, uel = 74.2%, d: (gas) 1.250g/liter @ OC, (Iiq) 

0.793, autoign. temp.: 1128F. 

Acute tox data: Inhal lC lO (man) = 4000 ppm for 30 min; inhal 

TC lO (man) = 655 prm for 45 min => CNS effects; inhal lC50 (rat) = 1807 

ppm for 4 hrs; inhal lC50 (mouse) = 5718 prm for 4 hrs. [3] 

THR = HIGH via inhal route. Carbon monoxide has an affinity 

for hemoglobin 210 times that of oxygen, and by combining with the 

hemoglobin, renders the latter incapable of carring oxygen to the 

tissues. The effect on the body is therefore predominantly one of 

asphyxia. In addition to this action, the presence of CO-hemoglobin in 

the blood interferes with the dissociation of the remaining 

oxyhemoglobin, so that the tissues are further deprived of oxygen. 
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A conc of 400 to 500 ppm in air can be inhaled without 

appreciable effect for 1 hour. An hour's exposure to 600 to 700 ppm 

wi I I cause barely appreciable effects, and a simi lar exposure to 1,000 

to 1,200 pm is dangerous; conc of 4,000 ppm and over are fatal in less 

than an hour. 

Carbon monoxide is eliminated through the lungs when air free 

from CO is inhaled. Over half the CO is eliminated in the first hour, 

when the exposure has been moderate. 

With conc up to 10% of CO-hemoglobin in the blood, there rarely 

are any symptoms. Conc of 20 to 30% cause shortness of breath on 

moderate exertion and sl ight headache. Conc from 30 to 50% cause 

severe headache, mental confusion and dizziness, impairment of vision 

and hearing and col lapse and fainting on exertion. With conc of 50 to 

60%, unconsciousness results, and death may follow if exposure is long. 

Conc of 80% results in almost immediate death. 

Acute cases of poisoning resulting from brief exposures to high 

conc seldom results in any permanent disabi lity if recovery takes 

place. Chronic effects as the result of repeated exposure to lower 

concentrations have been described, particularly in the Scandinavian 

literature. Auditory disturbances and contraction of the visual fields 

have been demonstrated. Glycosuria does occur, and heart 

irregularities have been reported. Other workers have found that where 

the poisoning has been relatively long and severe, cerebral congestion 

and edema may occur, resulting in long-lasting mental or nervous 

damage. Repeated exposure to low conc of the gas, up to 100 ppm in 
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air, is generally bel ieved to cause no signs of poisoning or permanent 

damage. [46] Industrially, sequelae are rare, as exposure, though 

often severe, is usually brief. It is a camnn air contaninant. 

Fire Hazard: Very dangerous, when exposed to flame. 

Spont Heating: No. 

Explosion Hazard: Severe, when exposed to heat or flame. 

Severe reaction with BrF3 , Cs 20, CIF 3 , IF 7 , (li + H20), NF 3 , 

°2, OF 2' (K + °2), Ag20, (Na + NH3). [19] 

To Fight Fire: Stop flow of gas. 

Carbony Is 

The (CO) group with a metal. 

THR = Most carbonyls are highly toxic. The toxicity of 

carbonyls depends in part, but not always entirely, on their ready 

decornp which releases carbon monoxide. S~tams are due in part to 

carbon monoxide and in part to the direct irritating action of the 

carbonyl. See also specific carbonyl in question. 

Fire Hazard: Mod, when exposed to heat or flame. More or less 

readily evolves carbon monoxide. See also carbon monoxide and 

powdered metals. 

Explosion Hazard: Mod, when exposed to heat or flame. 

Explosive Range: See carbon monoxide. Powerful oxidizers; can 

react violently. Heat can cause carbonyls to decompose. 

Disaster Hazard: Dangerous; when heated to decornp, they emit 

highly toxic funes of carbon monoxide; they react with water or 



steam to produce toxic and flammable vapors; they can react 

vigorously with oxidizing materials. 

Mo I ybdenlfll Ca rbony I 
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Diamagnetic crystals. Mo(CO)6' mw: 264.01, mp: decamp @ 150C, 

d: 1.96, vap. press: 2.3 mn @ 55C, vap. d: 9.1. 

THR = HIGH. See carbonyls. This compound rrmy liberate carbon 

monoxide because it decomp easi Iy. 

Fire Hazard: See carbon monoxide. 

Explosion Hazard: See carbonyls and carbon monoxide. 

Disaster Hazard: See carbonyls. 

Si lanes 

Syns: si licon hydrides, disi lane. Gas or liquid. 

Acute tox data: Inhal LCLO(mice) = 9600 ppm for 4 hrs. [3] 

THE = MOD irr to skin, eyes and mu man and via inhal route. 

Fire Hazard: Dangerous, by chemical reaction with oxidizers; 

often ignites spont in air. 

Explosion Hazard: Variable. 

Disaster Hazard: Dangerous; when heated, they can burn or 

explode and emit highly toxic flflles. 

Tungsten Carbony I 

Colorless rhombic crystals. W(CO)6' mw: 351.98, mp: SOC 

(sublimes), bp: 175C, d: 2.65, vap. press: 1.2 nm @ 67C, vap. d: 12.1. 

THE = See carbonyls and tungsten compounds. 
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Tungsten Compounds 

THR = Tungsten compounds are considered somewhat "ore toxic 

than those of molybdenun. However, industrially, this element does not 

constitute an important health hazard. Exposure is related chiefly to 

the dust arising fram the crushing and mi I ling of the two chief ores of 

tungsten, namely, scheelite and wolframite. There is very little 

publ ished with reference to its toxicity. The feeding of 2, 5, and 10% 

of diet as tungsten metal over a period of 70 days has been shown to be 

without marked effect upon the growth of rats, as measured in terms of 

gain in weight. Ammonium-p-tungstate has been found to be much less 

toxic to rats upon ingestion than either tungstic oxide or sodium 

tungstate. Recent studies have fai led to indicate any serious toxic 

effect fol lowing the inhal or ingestion of various tungsten compounds, 

although heavy exposure to the dust or the ingestion of large amounts 

ot the soluble compounds produces a certain rate of mortality in exper 

animals. 



APPENDIX B 

THE~YNAMIC EQUILIBRIA 

The calculation of equilibrium in a chemical system involves 

solving a system of equations which describe the thermodynamic state of 

the system. It is the objective of this appendix to review the 

necessary thermodynamic principles needed for the computation of 

multi reaction chemical equi libria. 

A chemical system can be characterized by any of the 

fundamental thermodynamic relations, i.e. Gibbs free energy or 

Helmholtz free energy [Kubaschewski and Alcock, 1979]. From this 

relation al I of the thermodynamic infor~tion for the system can be 

developed. The particular fundamental or state function which is 

selected is a ~tter of convenience; for the independent variables used 

in this work, temperature, T, and pressure, P, the state function is 

the Gibbs free energy [Kirkwood and Oppenheim, 1961]. For a system 

consisting of several phases Gibbs free energy is written as 

a G = G(T,P,n. ) 
I 

where n. a represents the number of moles of the ith species in the 
I 

(B-1 ) 

phase a. From Equation (B-1) the Gibbs free energy is seen to depend 

on the amount of ~terial present, that is, it is an extensive property 

of the chemical system. 
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The second basic equation needed in the derivation of the 

chemical equi libriurn is the mass balance equation; using algebraic 

notation, a chemical reaction can be written as 

Ln.A.=O (B-2) 
• I I 
I 

where A. represents species i and n. are the stochiometric numbers, 
I 'I 

taken positive for products, and negative for reactants. 

By definition, the enthalpy, H, and the freelenergy, G, are 

H=U+PV, G = H - TS = U + PV - iTS , (B-3 ) 

or, after differentiating 

dG = dU + PdV + VdP - TdS - SdT (B-4 ) 

Using the first and second law of thermodynrunics, which, for a 

reversible process, state 

dU = dQ - c:JN, rev dQrev = TdS, dN = PdV rev 
(B-5 ) 

equation (B-4) becomes, 

dG = VdP - SdT (B-6 ) 

or, by using molar quantities for one species 

d(nG) = nVdP - nSdT (B-7 ) 
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For a mixture of several species the total of each state 

variable (G,V,S) is not the sum of the variables for the individual 

species. The contribution of each species, A., to the total is 
I 

11. = d(nG)/dn. 
I I 

(constant T,p,n
J

) 

and the total free energy is 

nG =L n. ).I. 
I I 

(B-8 ) 

(B-9 ) 

The partial molar free energy in Equation (B-8) is know as the chemical 

potential, ).Ii. Thus, for a mixture of species, Equation (B-7) can be 

written as 

d (nG) = nVdP - nSdT +L: ().I.dn.) 
• I I 
I 

= nVdP - nSdT +L ().I.n.)dE 
. I I 
I 

using the mass balance from Equation (B-2) 

= dn.ln. = dE 
I I 

At equi librium, the free energy is at a minimum and pressure and 

temperature are constant (d(nG) ~ p=O). Since equation (B-10) is , 
exact, it follows, that 

~).I.n. = d(nG)/dE!T P = 0 
i I I , 

(B-10) 

(B-11 ) 

(B-12) 

Rewriting the chemical potential as the sum of a standard state free 

energy, denoted by superscript 0, of the pure species A. and the 
I 
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difference between the Gibbs free energy per rrole of Ai in the mixture 

and pure A. (with a. the activity of A. in the mixture), we obtain 
I I I 

~. = d(nG)/dn. = G.o + RT 1n a. 
I I I I 

(B-13 ) 

Fran (B-12) and (B-13), at equilibrium 

:E n. G • ° + RT 1 n a.) = 0 
I I I (B-14 ) 

or, rearranging 

-En. G.O/RT = 1n rn (a.
ni

] = 1n k 
. I I ~. I 
I I 

(B-15 ) 

where k is the equi librium constant for the chemical reaction of 

Equation (B-2). 

In order to find the activities of the gaseous species involved in 

a CVD reaction, Equation (B-7) and the ideal gas law, V = RT/P, are 

combined to yield 

d(nG) = RT/P dP = RT d(lnP) I constant T (B-16) 

The equivalent of Equation (B-16) for a mixture is then 

d~. = RT d(ln p.) 
I I 

where the partial pressure p. = x. P and x. is the rrole fraction of a 
I I I 

species in the gas. Integrating Equation (B-16) to the standard 

o pressure P 

~. - G.o = RT 1n (P./po) 
I I I (B-17 ) 
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and corrparing to Equation (B-13) the activity of species Ai in the gas 

o mixture is found to be Pi/P • 

Two assumptions are made for the determination of activities of 

sol id species. Provided that the standard free energy of a solid is 

pressure independent, one may use .the values of GO calculated at 

standard pressures throughout. This is equivalent to saying that the 

integral of VdP for a difference of one atmosphere can be neglected 

(see Equation B-7). Secondly, we wi II assume that sol id solutions are 

not deposited; then there is no difference between m. and G. o and the 
I I 

activity of the solid material is unity. 

By substituting Equation (B-17) in Equation (B-15), we finally 

obtain 

-IlG °/RT = - ~ n. G. °/RT = 1 n 
r . I I 

I 

{( 'lJx
i 
ni) (p/Po) ni } 

I 

(B-18 ) 

The term llG o/RT is the dimensionless change of the standard free 
r 

energy of reaction. It can easi Iy be calculated by adding the standard 

o free energy terms, G. , for each species rnultlpl ied by its 
I 

stochianetric number. If llG 0 is positive, there wi II be an excess of 
r 

reactant and the reaction is not probable; if ~G 0 is negative, there 
r 

are more products than reactants and the reaction wi II occur. 



APPENDIX C 

BAS IC PR(x;RM1 TO CALCULATE REACTANT FLON RAT lOS 

MOLRATlO.BAS 

100 REM 
110 REM 
120 REM 
130 REM CALCULATION OF THE MOLE RATIO OF CARBONYL VERSUS SILANE IN THE 
140 REM I-OTWALL LPCVD SYSTEM 
150 REM 
160 REM WRI TTEN BY PETER HEY 
170 REM 
180 REM 
190 PRINT:PRINT:PRINT:PRINT:PRINT 
200 PRINT 

210 PRINT:PRINT "CALCULATION OF MOLE RATIO OF SILANE TO CARBONYL" 
220 PRINT:PRINT:PRINT 
230 REM 
240 REM ------------------,I..,...N=P-UT=--s,.,..Y.,.."s=T--EM--=P,-.,A..".RAM..,..,...,.=ET---E=R~S 
250 REM 
260 INPUT "IS THIS MOLY (M) OR TUNGSTEN (W)";S$ 
270 IF S$<>"I\1" AND S$<>"W" THEN COTO 260 
280 PRINT:PRINT "FLON RATES IN CC/MIN" 
290 INPUT "PURE SILANE FLOW";FS 
300 INPUT "N2 BUBBLER FLOW";NF 
310 PRINT: INPUT "CHAMBER PRESSURE IN MICRON"; PC 
320 LE= 60.:DA= 0.35:REM SET TUBING LENGTH AND DIAMETER IN CM 
330 PRINT: INPUT "SUJRCE TEMPERATURE RAl\GE FRCM DEC C";T1; "TO DEC C" ;T2 
340 INPUT "STEP SIZE IN DEG";ST 
350 N%= (T2-T1)/ST:REM NUMBER OF STEPS 
360 REM 
370 REM 
380 REM 
390 REM BEGIN CALCULATION OF PARAMETERS 
400 REM 
410 SS= FS * 9.665 / 6.0E6:REM SILANE FLON IN MOL/SEC 
420 Q1= 3.987E-2 * NF :REM THRCLGHPUT OF N2BUBBLER IN MBAR*LTR/SEC 
430 PS= 10. * PC * 4./3000.:REM FIRST ESTIMATE SUJRCE PRESSURE IN MBAR 
440 CP= PC * 4. /3000.:REM CHAMBER PRESSURE IN MBAR 
450 PP= (PS + CP)/2.:REM AVERAGE PRESSURE FOR CONDUCTANCE CALCULATION 
460 FC=(1.+203.*DA*PP+2780.*(DA*PP)©2)/(1.+237.*DA*PP):REM FACTOR IN Q2 
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470 Q2= 12.1-DA©3~FC/LE - (PS-CP):REM LINE CONDUCTANCE IN MBAR-LTR/SEC 
480 IF (ABS(Q1-Q2»<1E-6 THEN GOTO 570:REJ'.i DIFFEREl'l:E SMALL ENO..GH 
490 DE= ABS«Q2-Q1)/Q1) 
500 IF DE<1.0 THEN GOTO 540 
510 IF Q2<Q1 THEN PS = PS - 3. 
520 IF Q2>01 THEN PS = PS / 2. 
530 GOTO 450 
540 FA = 1.1 
550 IF Q2<Q1 THEN PS=PS + FA-DE ELSE PS= PS - FA-DE 
560 GOTO 450:REM ITERATE TO FIND PS 
570 IF S$="W" THEN GOTO 610 
580 AV=11.174 
590 BV=3561.3:REM VAPOR PRESSURE COEFFICIENTS FOR MOLY CARBONYL 
600 GOTO 670 
610 AV=11.523 
620 BV=3872.0:REM VAPOR PRESSURE COEFFICIENTS FOR W CARBONYL 
630 REM 
640 REM 
650 REJ'.t------------------------------------------~OU~TPU~T~R~OU~T~IN~E 
660 REM 
670 PRINT:PRINT:PRINT 
680 PRINT #O:PRINT #O:PRINT #0 
690 PRINT #Oi"CALCULATION OF FLOW RATIO FROM SYSTEM PARAMETERS" 
700 PR I NT #0," 
710 PR I NT #0: P:-::R~I N~T~#-:-::O-------------------------
720 IF S$="M" THEN PRINT #0, "DATA FOR MOLYBDENUM HEXACARBONYL" 
730 IF S$="W" THEN PRINT #0, "DATA FOR TUNGSTEN HEXACARBONYL" 
740 PRINT #O:PRINT #O,·VAPOR PRESSURE IN MM HG 0" 
750 PRINT #0, "LOG peT) = ";AV; "-";BV;"/T" 
760 PRINT #0 
770 PRINT #O,"SILANE FLOW RATE :";FS;"CC/MIN ";SS;"MOL/SEC" 
780 PRINT #0, "N2BLBB FLOW RATE :" ;NF; "CC/MIN·-----
790 PRINT #0, "TUBING DIAMETER :";DA;"CM -----------LENGTH"; LE; "CM" 
800 PRINT #0, "CHAMBER PRESSURE :";PC;"MICRON" 
810 SP= PS - 750.:REM SOURCE PRESSURE IN MICRON 
820 PRINT #0, "SOURCE PRESSURE :";SP;"MICRON" 
830 PRINT #O:PRINT #O:PRINT #0 
840 PR INT #0," TEMPERATURE CARBONYL PRESSURE CARBONYL flOW 
FLOW RATIO" 
850 PRINT #0, "KELVIN CELSIUS MILLIBAR MICRON MOL/SEC" 
860 PRINT 
#0, " 

~~~~----------------------------------------870 PRINT #0 
880 FOR 1%=0 TO N% 
890 TC= T1 + I%-ST 
900 TS= TC + 273.:REM 
910 PU= 1000.-10©(AV-BV/TS):REM 
920 PM= PU - 4. /3000.:REM 
930 NN= PS - 1.804E-3 / TS:REM 

SOURCE TEMPERATURE IN KELVIN 
CARBONYL SOURCE PRESSURE IN MICRON 

CARBONYL PR~SSURE IN MBAR 
N2 WQlES IN SOURCE 



940 NC= PM • 1.804E-3 / TS:REM 
950 AT= NC / (NN+NC): REM 
960 FM= Q2 • AT /83.14/TS:REM 
970 R = SS/FM:REM 
980 PRINT #O,USING'#### 
###.###' ,TS,TC,PM,PU,FM,R 
990 NEXT 1% 
1000 IF Y$="P" THEN CLOSE 1 
1010 PRINT:PRINT:PRINT 

#### 
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CARBCNYL MOLES IN saJRCE 
PERCENTAGE OF CARBCNYL 

CARBCNYL FLOW IN MOL/SEC 
RATIO OF S I LAN E TO CARB()I.JY L FLOW 

###.### ##### ##.###©©©© 

1020 PRINT ·00 YCU WANT TO C()I.JTINUE ()I.J A DIFFERENT RLN (YIN) 
1030 PRINT 

..... 
1040 INPUT "OR 00 YCU WANT TO PRINT THESE DATA ••••••••• (P) 
1050 IF Y$="P" THEN OPEN "O.PRINT.SYS" AS O:OOTO 670 
1060 IF Y$="Y" OR Y$="y" THBN OOTO 180 
1070 STOP 

•••••• ; Y$ 



APPENDIX D 

MASK SET SRC-1 

190 



Levell: Diffusion opposite 

to NBC 

Level 3: Gate Cut 

Level 2: Diffusion same 

as NBC 
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Level 4: Poly-Silicon Definition 



Level 5: Large Size Contact 

Windows, or 

. • 
I I 
I I 

• I I 
I 

0- I I 

• 

Level 7: Small Size Contact 

Windows 
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Level 6: Medium Size Contact 

Windows, or 

Level 8: Metallization 



Level 9: 

••••••• • ' ...... . · '. . •• • • • • • • • • • • • ••••••• • • •••••••• 

• • • • • • • 

Passivation Windows 
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APPENDIX E 

PROCESS SEQU6NCE FOR THE FABRICATION 
OF TEST DEVICES 

Outline of Process Flow 

1. Initial Clean 

2 • I nit i a I Ox i da t ion 

3. Mask 1 Photolithography 

4. Predeposition (opposite to NBC) 

A) Phosphorus (p-type substrate) 

B) Boron (n-type substrate) 

5. Glass removal 

6. Reoxidation 

7. Mask 2 Photolithography 

8. Predeposition (srune as NBC) 

A) Phosphorus 

B) Boron 

9. Glass removal 

10. Reoxidation 

11. Gate Photol ithography 

12. Gate Oxidation 

13. Poly Si licon Deposition 
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Outline Of Process Flow--Continued 

14. Poly Si licon Photolighography 

15. Poly Si licon Source Drain Doping 

16. Poly Si licon Reoxidation 

17. Low Temperature Oxide Deposition 

18. Contact Photolithography 

19. Metal ization 

20. Metal Photol ithography 

21. Passivation 

22. Passivation Photolithography 

23. Testing 
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Notes: 

1. AI I flo~ter settings on Brooks Instruments R-2-15-A, stainless 

steel float, unless indicated otherwise. 

2. AI I D~I. Water Rinse same as 1.b) below 

1 • Initial Clean 

Starting material: silicon wafers, 2" or 

<100) , 5-10 

a) Aceton UI t rason i c 

b) DI Water Rinse bucket 1 

bucket 2 

c) H2SO4 H202 (3 : 1 ) 

d) Rinse 

e) H20 : HF (10 1 ) 

f) Rinse 

g) 1-N°3 (conc) 

h) Rinse 

i ) H20 : HF (20 1 ) 

j ) Rinse 

k) Spin dry 

2. Initial Oxidation 

Field oxidation furnace, 1100C 

a) Steam 02 : 02byp = 50 

02bub = 30 

0Tl, n-or 

5 min 

5 min 

5 min 

6 min 

20 sec 

6 min 

10 sec 

90 min 

quarters of 3", or ientat ion 

p-type as requi red. 

100C 

RT 

90C 

RT 



3. 

b) Dry 02 02byp = 50 10 min 

c) Remove wafers, let coolS min 

d) Measure t with color chart ox 

Mask 1 Photolithography 

Mask 1, KTI 747 or equivalent negative 

a) I f wafers were exposed to moisture, 

b) Spin on - I-MDS : Xylene 50 

- Photo res i st 

c) Prebake, 85C, 10 - 15 mi n 

d) Expose 

e) Develop - Xylene bath #1 

- Xylene spray 

- Xylene bath #2 

- Xylene spray 

resist 

prebake 

: 50 

- N-butyl acetate spray 

blow dry 

f) Inspect under Microscope 

g) Postbake, 135C 25 min 

h) Etch in appropriate bath 

Here Etch in Buffered HF (BHF) (10 1 ) 

Record etching time 

i ) Rinse 

j ) Spin dry 
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20 min at 135C 

4000 rpm 20 sec 

4000 rpm 20 sec 

10 sec each 
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4. Predep (opposite to NBC) 

Note: This process is listed for both n'and p-type substrates. This 

diffusion should be opposite to the background concentration. 

a) Strips and Clean 

H2S04 : H202 

DI Rinse 

Rinse 

Rinse 

Spin dry 

(10 1 ) 

(3 1 ) 

(conc) 

(20 1 ) 

100C 

100C' 

90C 

RT 

4A p-type substrates only, Phosphorus predep 

Phosphorus predep furnace, 950C 

a) fol low strips and clean above in 4a) 

b) Purge furnace wi N2byp = 50 

02byp = 40 

10 min 

6 min 

6 min 

20 sec 

c) Push wafers in, allow for temperature rise 2 min 

then, ° 2byp = 40 

N2byb = 50 2 min 

d) Swi tch to N2byp = 70, turn of °2' 10 min 

e) Remove wafers, a II ow to coo I 5 mi n 



4B n-type substrates only, Boron predep 

Boron predep furnace, 975C and 1050C 

a) Clean as in 4a) above 

b) Boron wafer regeneration 

-Predep furnace 975C 

-Allow BN wafers to warm at tube end 5 min 

-Regenerate 02 = 150 30 min 

N2 = 100 30 min 

-Remove BN wafers, let sit at tube end 

unti I funace warms to 1050C 

c) Boron Glass Transfer 

-Predep furnace 1050C 
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-Load wafers facing BN slices N2 = 100 20 mi n 

-Remove boat, transfer wafers to oxidation boat 

-Wafers without BN sl ices N2 = 100 20 min 

-Remove wafers, let cool 5 min 

5. Glass Removal 

SA) Phosphorus Glass Removal 

a) H20 : HF (10 : 1 ) RT 25 sec Phosphorus Deglaze 

b) Rinse 

c) Spin dry 

d) Measure s on test wafer 



5B) Boron Glass Removal 

a) H20 : HF ( 10 : 1 ) RT 3 min Boron Deglaze 

b) Rinse 

c) 1-N°3 (conc) 90C 30 min 

d) Rinse 

e) H20: HF (10 1 ) RT 3 min Boron Deglaze 

f ) Rinse 

g) Spin dry 

h) measure s on test wafer 

6. Reoxidation 

Field Oxide furnace or respective (B,P) drive-in furnace at 1100C 

6A) Phosphorus 

a) Steam 02 

b) Dry 02 

02byp = 50 

° = 30 2byp 

02byp = 50 

c) Remove wafers, let cool 

d) Measure t ox 

6B) Boron 

Same as 6A) above 

7. Mask 2 Photolithography 

20 min 

2 min 

5 min 

Mask 2, KTI 747 or equivalent negative resist 

see procedure in step 3.) 
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B. Predep (sane as NBC) 

BA) Phosphorus; n-type substrates 

see procedure in step 4A.) 

BB) Boron; p-type substrate 

see procedure in step 4B.) 

9. Glass Removal 

see corresponding procedure in step 5.) 

10.Reoxidation 

see corresponding procedure in step 6.) 

11.Gate Photolithography 

Mask 3, KTI 747 or equivalent 

see procedure in step 3.) 

12.Gate Oxidation Gate furnace, 1000C 

a) Strip and Clean 

see procedure in step 4a) 

b) Furnace purge AI I Oxygen on R-2-15-A 

i) N2 = 85 60 mi n 

I-C I = 35 

i i) N2 = 85 60 mi n 

iii) N2 = 104 

02 = 20 R 2-15-A 20 min 
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c) Primary Oxidation, introduce wafers 

i ) N2 = 104 2 min 

°2 = 20 

i i ) °2 = 93 30 min for 350A 

I-CI = 34-35 75 min for 750A 

iii) N2 = 104 3 min 

°2 = 20 

iv) Pull wafers s lowly to end of tube, let cool 5 min 

v) Measure tox' if possible. 

13.Poly-Si licon Deposition 

Deposit 5000 Angstrom of poly-Si licon or equivalent experimental 

gate electrode material (MoSi 2 or WSi 2 ) 

14.Poly-Si licon Photol ithography 

Mask 4, KTI 747 or equivalent 

see procedure step 3) 

15.Poly-Si licon Doping 

a) Strip and clean 

see procedure in step 4a) or use ion implant 
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16.Poly-Si Reoxidation 

Field Oxide furnace, 1000C 

a) N2 100 20 min 

b) O2 100 20 min 

c) Remove wafers, let cool 5 min 

17.Low Temperature Oxide Deposition 

Rotox 60 or equivalent, 425C 

Fol low procedure for LTO Depositions at machine 

Deposit undoped oxide for 2 x 7 min, thickness about 10,000A 

or Deposit Phosphorus si licate glass 2 x 7 min (PSG) 

Rotate wafers in between by 180 degrees for uniformity 

18.Contact Photolithography 

Mask 5, 6, or 7 depending on contact size, KTI 747 or equivalent 

see procedure step 3) 

19.Metal ization 

a) Strip and clean 

see procedure in step 4a) 

b) Deposit metal according to required precedure: 

i) A I e-berun evaporation 10,000 AngstrOOl 

ii) Refractory metals by CVD 
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20.Metal Photolithography 

Mask 8, KTI 747 or equivalent 

see procedure step 3) 

USE: 

Aluninun etch for AI 

Moly or W etch for Refractory metals 

HF/ HN03/ H20 (1/20/20) for si licides, 

etch rate about 100 AngstromVsec for WSi 2 , 

140 AngstromVsec for MoSi 2 

21.Passivation 

nitride Passivation 

Use lPCVD Nitride system, 725C 

Fol lOw Deposition Manual, Deposits 3000 Angstrom 

or 

low Temperature Glass Follow Proce~ure step 17) 

22.Passivation Photolithography 

Mask 9, KTI 747 or equivalent 

see procedure step 3) 

23.Testing 
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