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ABSTRACT 

Recently, refractory materials have been proposed as a 

strong alternative to poly-silicon and aluminum alloys as 

metallization systems for Very Large Scale Intergrated (VLSI) 

circuits because of their improved performance at smaller 

Integrated Circuit (IC) feature size and higher interconnect 

current densities. However, processing and reliability problems 

associated with the use of refractory materials have limited 

their widespread acceptance. 

The hot-wall low pressure chemical vapor deposition 

(LPCVD) of Molybdenum and Tungsten from their respective hexacar

bonyl ~ources has been studied as a potential remedy to such 

problems, in addition to providing the potential for higher 

throughput and better step coverage. Using deposition chemistries 

based on carbonyl sources, Mo and W deposits have been charact

erized with respect to their electrical, mechanical, structural, 

and chemical properties as well as their compatibility with 

conventional IC processing. 

Excellent film step coverage and uniformity were obtained 

by low temperature (300-350 C) deposition at pressures of 400-600 

mTorr. As-deposited films were observed to be amorphous, with a 

resistivity of 250 and 350 microohm-cm for Mo and W respect,ively. 

On annealing at high temperatures in a reducing or inert 

xii 
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atmosphere, the films crystallize with attendant reduction in 

resistivity to 9.3 and 12 microohm-cm for Mo and W, respectively. 

The average grain size also increases as a function of time and 

temperature to a maximum of 2500-3000 A. The metals and their 

silicides that are deposited, using silane as silicon source, are 

integratable to form desired metal-silicide gate contact

structures. 

Thus, use of the low resistivity of the elemental metal 

coupled with the oxidation resistance of its silicide manifests 

the quality and economy of the process. MOS capacitors with Mo 

and W as the gate material have been fabricated on n-type (100) 

silicon. A work function of 4.7+/-0.1 eV was measured by means 

of MOS capacitance-voltage techniques. The experimental results 

futher indicate that the characteristics of W-gate MOS devices 

related to the charges in sio2 are comparable to those of poly

silicon; while, the resistivity is about two orders of magnitude 

lower than poly-silicon. 

It is therefore concluded that hot-wall low pressure 

chemical vapor deposition of Mo and W from their respective 

carbonyl sources is a viable technique for the deposition of 

reliable, high performance refractory metal/silicide contact and 

interconnect structures on very large scale integrated circuits. 



CHAPTER 1 

INTRODUCTION 

Very large scale integration (VLSI) requires interconnec

tions and gate materials with low resistivity and fine-line 

patternability. Design requirements of VLSI circuits have 

narrowed the choice of materials to those which also exhibit 

low contact resistance to silicon, high resistance to the effects 

of electromigration at contacts or steps, and to materials which 

can be deposited at temperatures low enough to preserve ever 

shallower junctions. Since polycrystalline silicon (Poly-Si) has 

relatively high resistivity (minimum practical resistivity is 

400 microohm-cm) and undergoes significant grain growth during 

high-temperature processing, the Poly-Si technology currently in 

use becomes inadequate. In recent years, a new class of refrac

tory materials, in particular tungsten (W), molybdenum (Mo) , 

tungsten silicide (WSi 2 ), and molybdenum silicide (MoSi2 ) 

has generated extensive interest in response to the changing 

material requirements dictated by smaller IC feature size, higher 

current densities and the desire for bette~ electrical perform

ance. The use of Physical Vapor Deposition (PVD) methods, 

such as sputtering and evaporation, for the preparation of 

refractory metal/silicide for interconnect layers is severely 

limited by the low throughput capability ann poor step coverage 

1 
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resulting from the anisotropic nature of PVD techniques. VLSI 

technology however, favors a high-throughput and highly reliable 

process to deposit thin metal films of an element, an alloy, or a 

silicide. Recently, however, chemical vapor deposition (CVD), 

particularly low pressure CVD, has emerged as a viable means for 

thin metal and metal silicide film deposition with four major 

advantages: (1) high throughput; (2) improved surface conforma

lity of the deposited layer; (3) the control over film purity and 

layer stoichiometry (in the case of silicides); and (4) the 

ability to achieve spatially selective depositions. 

To accomplish CVD of a particular metal, a suitable 

metal-bearing molecule must be used which exists in a gas phase 

at or. below a tolerable processing temperature. Unfortunately, 

the utility of such depositions is limited by the availability of 

the reactants that are in the gas phase or that will easily 

vaporize. The process is usable as long as the temperatures are 

low enough so that reactants and gaseous by-products do not 

affect the characteristics of the processed substrates (devices). 

Tungsten hexafluoride (WF6) has been the subject of extensive 

research [Gargini, and Beinglass, 1981; Broadbent, and Ramiller, 

1984] because the silicon reduction characteristics of this 

gaseous compound permits selective deposition of tungsten on a 

number of IC microstructures. Although WF6 exists as a gas above 

17.2 C (which makes it an attractive source for CVD tungsten), 

it is corrosive and highly reactive. It is readily hydrolyzed by 

water to form tungsten trioxide (W03) and hydrogen fluoride (HF), 
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when in contact with moist air produces HF fumes. This HF by-pro 

duct is extremely reactive with thin gate oxide (200 A) and 

destroys the gate level metal. depositon. 

Chloride sources of Wand Mo require temperatures of 

about 150-300 C to achieve a workable vapor pressure, presenting 

serious equipment difficulties for handling and mass flow contro

lling. These chloride sources are also readily hydrolyzed 

producing HCl gas which in turn causes corrosion problems. 

Previous work [paine, Bravman, and Saraswat, 1985; Moriya, and 

Itoh, 1985] indicates filament growth during LPCVD of films 

from refractory metal halide reactants in systems containing 

silicon. These include lateral encroachment of tungsten beneath 

silicon/silicon dioxide interfaces, the formation of "wormholes" 

in the silicon substrate, and tungsten/silicon interfacial 

roughness. 

A third, yet little explored, alternative as a CVD source 

is hexacarbonyl compounds. These compounds have previously been 

used in the deposition of black molybdenum films at atmospheric 

pressure, in cold-wall reactor, for optical applications [Carver, 

1980]. silicides of tungsten and molybdenum have also been 

deposited from the chemical reaction of their ·respective carbonyl 

sources with silane [Hey, 1984]. Despite the positive features, 

however, there is an indication that pyrolysis of carbonyl 

sources at low pressure generate secondary reactions at a 

specific temperature range which introduce large amounts of 

carbon and oxygen impurities into the films [Kaplan, and d,-
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Heurle, 1970]. These secondary reactions can lead to electrical 

resistivity degradation and non-uniform growth profiles (in 

Hot-wall LPCVD) as a result of induced-depletion region in the 

deposition zone. Consequently, there is still only limited 

understanding and very little experimental information regarding 

usage of hexacarbonyl sources for CVD of refractory metal thin 

films. 

Hence, a comprehensive study of low pressure chemical 

vapor deposition of tungsten and molybdenum metals and their 

silicides from their respective hexacarbonyl solid sources has 

been accomplished and is reported here. Experimentally, reliable 

processes to deposit thin films of Wand Mo are determined. On 

the basis of thermodynamical and diffusion analysis, a mechanism 

is presented for the growth of Wand Mo from their hexacarbonyl 

sources. This mechanism also includes annealing parameters 

required for crystallization of the films. Electrical resistivity 

measurement, X-ray diffraction, Auger electron spectroscopy, 

Rutherford backscattering spectrometry, and scanning electron 

microscopy are used to completely characterize the structure and 

compositions of the as-deposited and annealed films. To assess 

the IC compatibility of these films, the oxidation behavior of Mo 

and W silicides have been studied including the effect of diffe

rent substrates encountered in VLSI circuit manufacturing. 

Kinetic and thermodynamic analysis of the chemical vapor deposi

tion coupled with gas phase transport theories are used for 

modeling of the growth profile of metal films from th~ir carbonyl 
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sources. Deposition parameters for LPCVD of Wand Mo are 

obtained experimentally, and their comparison with the model 

provides information that expands the modeling domain for other 

solid sources with chemical reaction behavior similar to hexacar

bonyls. 

The study reported here is presented in the following 

sequence of parts: general background information pertaining to 

interconnect systems, their IC compatibility requirements, and 

previous investigations are presented in Chapter 2. The outline 

of experimental approach, is presented in Chapter 3. The experi

mental apparatus, and characteri~ation techniques procedure~ are 

described in Chapter 4. The results of various experiments and 

characterization of these films are presented in Chapter 5. 

Correlation of process parameters to the variations of composi

tion and structure of the films is discussed in Chapter 6. The 

salient conclusions are summarized in Chapter 7. 



CHAPTER 2 

BACKGROUND 

continued shrinking of silicon integrated circuit 

dimensions has led to extensive investigation of refractory 

metals and their silicides for use as gate, contact, and inter

connection metallizations. Deposition technologies, which are 

playing an increasingly important role in the fabrication of VLSI 

devices, have changed from single/multiple elemental target 

sputtering or source evaporation to single silicide target 

sputtering, and chemical vapor deposition. Some of the important 

concepts and IC technology requirements are presented in this 

chapter so that the results of the present study and its indust

rial application can be apparent. 

2.1 New Material Considerations for VLSI 

The primary thrust of very large scale integration (VLSI) 

is the manufacture of devices that are smaller (large packing 

density and hence increased complexity) and faster and that 

consume less power. Hence, both the chip area and performance of 

certain VLSI circuits have tended to become interconnect dominat

ed. The interest in new alternatives for metallization arose 

because as the device sizes are scaled down, the linewidth gets 

narrower and the sheet resistance contribution to the RC delay 

6 
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increases. Figure 2.1a shows a view of alum NMOS technology 

where vertical and horizontal scales are identical. It is clear 

that the large physical aspect ratios of the interconnect lines 

cause significant "cross-talk" style coupling. Figure 2.1b shows 

the simplified transmission circuit diagram where CB, and Cs are 

the metal over field oxide capacitance or bottom capacitance, and 

the sidewall capacitance, respectively. Figure 2.2 (Sinha et 

al., 1982) shows various capacitances, resistances, and the RC 

time constant as a function of the linewidth. Also, the intri

nsic parallel plate capacitance CA which is the capacitance of 

the metal runner over the oxide to the silicon ground plane is 

shown. Figure 2.2 shows the sidewall and fringing components of 

capacitance dominates and at very small geometry, the total 

capacitance 'per unit length increases. As is apparent, RC time 

delay, which would have been independent of the design rule but 

for the contribution from CB and Cs, increases with decreasing 

linewidth. As expected, RC is independent of the linewidth at 

linewidths greater than 5 um. s inhe et ale (1982) have also 

shown that, the RC time constant is also affected by the dielec

tric constant of the passivation layer (or the interlevel 

insulator in two-level Al interconnects), the field oxide 

thickness, and the metal thickness at feature size less than 2 

micrometer. 

To obtain faster switching, gate oxide thicknesses are 

reduced, junction depths are decreased and channel lengths become 

smaller. Unfortunately, faster switching is not good enough if 
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Figure 2.lb Simplified Transmission Circuit 
Diagram. 
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speed is limited by interconnect delays as discussed above. In 

addition to the interconnecting lines, contact resistance 

contributes to the total resistance value, which could adversely 

affect performance. For a scale down by a factor 11K, contact 

resistance increases by K2 while line resistance increases by 

factor of K. These considerations reveal that the interconnec

tion resistance must be reduced by the use of low resistance 

interconnect materials. The need for a very large scale self

aligned MOS technology [Mohammadi, 1981], however, set the 

following general limitations on low-resistivity materials: 

1) High-Temperature process compatibility. 

The electrode material must withstand the high tempera

tures 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. 

2) Fine-line patternability. 

When a material with small grains is subjected to 

high-temperature processes, grain growth may occur, and, larger 

grains will cause difficulties in lithog~aphy and uniform etching 

of the material. It is evident, therefore, that selected elec-

trodes having minimal grain growth and fine grain size, will 

facilitate etching of submicrometer lines that are essential 

for higher packing density. 

3) Chemical resistance. 

The electrode material should not be affected by the 
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chemicals used in the fabrication of integrated circuits (H2S04' 

HN03' HC1, HF). It must also be able to resist the common 

cleaning reagents for si (mixtures of H2S04+H202, HC1+H202, and 

NH40H+H202)· 

4) stability to final metallization. 

Aluminum is widely used as the last layer to provide 

electrical interconnection in multilayer structures. The final 

step in the Al metallization process is to anneal the wafers at 

400 C to 500 C which improves ohmic contact to Si, removes oxide 

damage caused during metal evaporation, and reduces the density 

of surface states at the oxide/silicon interface. Moreover, the 

electrode materials should be metallurgically compatible with Al 

at these sintering temperatures. 

5) Electromigration resistance 

It is essential that electrode materials be stable at 

high current densities, and exhibit high resistance to the 

effects of electromigration at contacts or steps. The use of 

alloys or heavy metals has been shown to improve electromigration 

problems. 

The currently available polysilicon technology offering 

the sheet resistance 30 to 60 ohm per square meets the principal 

requirements mentioned above. However, its high sheet resistance 

adversely offsets the advantages gained in further scaling down 

of design rules in the fabrication of very Large Scale Integrated 

(VLSI) chips of 1990's. The use of aluminum at gate and inter

connect levels in multi-level metallization scheme, however, 



13 

requires all post-step processing of the devices to be limited to 

very low temperatures, preferably below 500 C. The use of refra

ctory metals is definitely an attractive solution to this problem 

because most refractory metals with silicon do not form eutectics 

[Murarka, 1983] such as those of the aluminum-silicon system. 

This characteristic is particularly crucial for devices utilizing 

shallow junctions. The aluminum-silicon eutectic will short 

these shallow junction devices unless a diffusion barrier is used 

at the price of increasing process complexity. Also the thermal 

expansion coefficients of refractory metals are closer to that of 

silicon than Aluminum. The stress generated by thermal cycling 

is therefore reduced. Hillock formation in aluminum alloy 

metallizations is partially due to the differential expansion of 

silicon and aluminum during thermal cycling. Refractory metals, 

particularly Wand Mo, have a very low self-diffusion coeffi

cient, which provides a high degree of electromigration immunity. 

Hence, it is with the prospective use of these materials 

that VLSI chips can be reliably fabricated. Selection of the 

appropriate interconnect material will be based on the require

ments of specific applications involved. The resistivity of 

proposed materials, however, is the single most important 

criterion in considering them for metallization in integrated 

circuits. Figure 2.3 shows the resistivity of the transition 

metals as a function of the metal's position in groups of 4-6 of 

the periodic table [Murarka, 1980]. Unlike the disilicides, the 

resistivity 
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decreases in going from the IVA metals to group VIA metals. 

A comparison of their resistivities coupled with high 

eutectic temperature (>1000 C) with si requirements make Mo, W, 

Ti, and Ta most attractive. Table 2.1 shows some of the princip

al properties of these four metals and their silicides. Molybde

num and tungsten have much higher melting points than silicon, 

and their thermal expansion coefficients are similar to that of 

silicon. They are inert to both hydrofluoric and phosphoric 

acid [Beinglass, 1985]. This is a very special feature of Wand 

Mo in a sense that chemical activity of residual active species 

in the glass (i.e. phosphorous doped glass) around the metal 

wires can result in corrosion related problems in non-hermetic 

environments. Traces of moisture can penetrate into the wiring 

and insulator levels of the chip. In the case of aluminum metal

lization, reaction of this moisture trace with phosphorous doped 

glass caused the formation of traces of phosphoric acid that 

resulted in corrosion. The oxides of molybdenum and tungsten are 

volatile at medium (600-800 C) temperatures and can be removed 

chemically [Mochizuki, and Kashiwagi, 1980]. Titanium and 

tantalum however, form ~ery stable oxides leading to contact 

resistance problems. 

On the basis of their film properties and the limitation 

of CVD sources (see section 2.3), the scope of this thesis work 

is therefore limited to the investigation of Mo and W metals and 

their silicides as the best interconnect alternatives for VLSI 

technology. 



Metal 

W 

Mo 

Ti 

Ta 

Si 

16 

Table 2.1 Principal properties of Refractort Metals and 

Their Silicides. 

Molecular 
weight 

184 

96 

48 

181 

28 

Melting 
Point 

(C) 

3382 

2620 

1690 

2996 

1420 

Electrical 
Resistivity 

(uohm-cm) 

5.3 

5.2 

43-47 

13-16 

400 
(heavily 
doped 
po1y-Si) 

Thermal 
Expansion 
Coefficient 
ppm/C @ 25 C 

4.5 

5.0 

8.5 

6.5 

3.0 

silicide 

-----------------------------------------------------------------
WSi2 

Mosi2 

TiSi2 

TaSi2 

240 

152 

104 

237 

2050 

1870 

1540 

2400 

50-70 6.2 

30-100 8.2 

13-25 10.5 

35-55 8.8 
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2.2' Thin Films Formation Techniques. PVD and CVD 

Deposition technologies play an increasingly important 

role in the fabrication of VLSI circuits. In particular, those 

technologies used to deposit thin metal films of an element, an 

alloy, or a silicide are critical. The processes that utilize 

vapor-solid transformations for the formation of a deposit on a 

substrate can be divided into two major classes, Physical Vapor 

Deposition (PVD) and Chemical Vapor Deposition (CVD). For many 

years PVD techniques of evaporation and sputtering have provided 

the two most commonly used means for depositing thin metal or 

metal alloy films. Recently, however, CVD has gained momentum 

because of a large number of advantages that are unique and 

crucial to the fabrication of VLSI chips. Here, some of the 

physically significant features of CVD method are presented with 

the aim of establishing the nature and effect of parameters 

involved in the growth of thin films (especially those for 

hot-wall LPCVD). 

The primary difference between the two processes, PVD 

versus CVD, involves the relationship between the material that 

arrives at the substrate from the source and the material of 

which the deposit is composed. In PVD the two materials are the 

same, while in CVD they are not. Purity of PVD films is highly 

source dependent. In the case of silicides PVD offers a wider 

range of stoichiometry capabilities but fails to give a fixed 

compound stoichiometry. This is specially true when the atomic 
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weight of different species are very different (i.e. Wand Si). 

In chemical vapor deposition, the source material undergoes a 

chemical reaction (i.e. thermal decomposition, reduction, or 

disproportionation) at the substrate, one product of the reaction 

is deposited and the by-product must be libe~ated as a gas and 

evacuated from the deposition chamber. Thus a temperature 

gradient may be required to perform a successful reaction and its 

range may vary from ambient to 1000 C depending on a particular 

chemical reaction. This limits the useful range of substrate 

materials to only those that can withstand the temperatures in 

question. 

The transport of the gaseous material in PVD processes 

is, based on a simple evaporation/condensation cycle, restricted 

to line of sight deposition only. This anisotropic nature of 

deposition results in poor step coverage, especially where the 

depth to width ratio of vias and contacts can increase to a value 

as large as unity for VLSI chips. The interconnect line resist

ance also increases because of thinning over steps, and may 

result in opens. The subsequent condensation from the vapor 

phase is a non-equilibrium process, which can result in high 

growth-induced stresses in the film, which further jeopardizes 

the reliability of the process. In CVD processes the material is 

transported via a temperature, pressure, concentration gradient, 

or a combination of all. However, the growing layer is at 

thermal equilibrium with the substrate and volatile reactants 

interact chemically to form the desired solid phase. These 
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chemical reactions are surface activated and conformal coverage 

over the entire substrate surface occurs independent of its shape 

[Reisman, and Sedgwich, 1976]. The deposition in thermal equili

brium reduces growth-induced stresses and results in better 

adhesion of the thin film. PVD involves condensation and cryst

allization of material on the substrate with the corresponding 

production of heat which must be removed by conduction or 

radiation. Thus, the maximum growth rate is heat transport 

limited and depends upon the amount of condensation heat releas

ed, and on the heat conduction of the substrate and the deposited 

material. In contrast to the purely physical processes, CVD 

processes involve compound formation at the source. Thus, the 

heat to be dissipated by the deposit is determined by the heat of 

reaction, which very often becomes positive. Thus, in general, 

higher deposition rates could be expected for eVD processes 

compared with physical processes. 

2.3 Selection of Reactants and Reactions 
for cve of Mo and W 

The essence of a chemical vapor deposition (CVD) process 

is that the material to be deposited or its constituents are 

volatilized with chemical assistance (via a chemicai solvent or 

transport agent) and then transported through the vapor phase in 

chemically combined form as one or more vapor phase species. At 

the deposition zone new or reverse reactions take place, produc

ing the desired solid phase, plus gaseous byproducts, either as a 
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Table 2.2 Techni~Gs Used to Implement Basic Processes 

of Figure 2.4. 

Deposition 
System 

Closed-tube 

Open-tube 

Process 

A 

B 

C 

A 

B 

Technique 

Chemical reaction 
forming volatile 
compound 

Diffusion or 
convection 

The reverse chemical 
reaction of step A 

Chemical reaction 
forming volatile 
compound or gases 
produced by 
evoporation from 
solid or liquid 
sources external 
to the CVD reactor 

Diffusion or 
transport via a 
transport agent 
(an inert carrier) 

C Chemical reaction 

Restrictions 

1. Easily
reversible 
reaction only 

2. Kp excursion 
w~th 
temperature 

1. Easily
reversible 
and non
reversible 
reactions 
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result of mixing of two or more gases, or as a result of changing 

the temperature in that zone, or both. Therefore, there are 

three basic processes which occur in any CVD method: (A) volatil

ization of starting material; (B) transport of gaseous material 

from source to substrate; and (C) nucleation and growth at the 

substrate. This is schematically shown in Figure 2.4. 

There are two experimental variations used in CVD 

processes; referred to as "open-tube" and "closed-tube" systems. 

Table 2.2 lists the techniques which are used to induce A-B-C in 

the two deposition methods. Since our goal is to deposit pure 

metallic films (or alloys in the case of silicides), open tube 

system is the choice and unwanted reaction products must be 

gaseous to permit their removal from the deposition system. In 

all instances, the transport agents must remain confined to the 

vapor phase. (In a closed tube system, the process is cyclical 

in nature and the product of the deposition reactions recycle 

back to the source and reinitiate a new deposition cycle). 

Table 2.2 shows that the deposition reaction for hexacar

bonyls is generally either one of thermal decomposition or 

chemical. reduction in which case another reactant gas is added to 

the system. 

2.3.1 Pyrolytic Reactions 

On the basis of previously mentioned CVD source selection 

of hexacarbonyls, the pyrolytic decomposition is the most 

suitable choice of reaction. The rate of reaction increases very 
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rapidly with increasing temperature. 

Mo (CO)6 (g) ------ Mo (s) + 6 CO (g) (2.1) 

W (CO)6 (g) ------ W (s) + 6 CO (g) (2.2) 

Figure 2.5 shows selected vapor pressure data for the volatile 

compounds of molybdenum and tungsten. It is shown that group VIa 

carbonyls show vapor pressures high enough to limit source 

temperatures (Tl) to 50 C or less for CVD applications. Reactions 

(2.1) and (2.2) are usually stimulated by heating the substrate 

such that T3>T2. The substrate temperature T3 is governed by the 

nucleation and growth process in CVD which will be discussed in 

Chapter 6. However, the temperature of Transport Zone T2 is 

deduced from the fact that the starting materials must not 

decompose but remain volatile throughout this zone. The trans

port from source to substrate in this reaction is done by 

mixing the source vapor with an inert carrier gas stream. 

2.3.2 Hydrogen Reactions 

The generation of reactant vapors is accomplished by a 

chemical reaction such as 

Mo(co)6 + n H2 (g) ------ Mo(s) + vapor by products, 

(i.e., H2 + nCH2 + nC02) 

(2.3) 
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In general the requirements of temperatures Tl' T2' and 

T3 are the same as those for pyrolytic decomposition reaction 

discussed above. 

2.3.3 Synthesis Reactions 

For silicon containing reactant in the metal silicide 

depositions of MoSi2 and WSi2 , silane is widely used in CVD since 

it is readily available in gas phase. 

MO(CO)6 + n SiH4 ------ MOSin + by products (2.4) 

Finally, there are two more differences between the CVD 

and PVD processes which show CVD as a more flexible, practical 

approach for depositing refractory metal thin films. First, the 

maximum temperature in an evaporative system (Tl' the source 

temperature) is much higher than the maximum temperature in a CVD 

system (T3' the substrate temperature). Second, the deposition 

rate in CVD can be changed simply by controlling the flow rates 

of reactants in reactions (2.1) to (2.4), whereas the temperature 

of the source must be changed to alter the deposition in evapora

tive system. 

2.4 Kinetic and Thermodynamic Principles of LPCVD 

By definition, the chemical vapor deposition is the vapor 

transport of a solid as species other than its own vaporization 

products, so that a chemical reaction is inherently a part of the 
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deposition process. Thus, the establishment of the thermodynami

cal equilibrium must not be blocked. Generally, the CVD process 

can be analyzed in. terms of the following three elements: (1) 

thermodynamics: (2) gas phase transport: and (3) rate processes 

[Bryant, 1971]. 

2.4.1 Thermodynamics 

Before considering the use of a CVD reaction it must 

first be determined that reaction is thermodynamically possible. 

This will be the case if the calculated concentrations (activi

ties or partial pressures) of the reactants under condition of 

chemical equilibrium are less than their chosen initial concent

rations. otherwise, the gas stream will be quickly depleted of 

sufficient reactant to achieve the maximum deposition rate 

dictated by the kinetics of the system and instead the rate will 

be thermodynamically limited. Because of the large number of 

possible species in most CVD systems, it is advantageous to use 

machine calculations to obtain the equilibrium concentration 

values of all species involved in the chemical reaction. A 

computer program, SOLGAS, has been developed" [Spear and Wang, 

1981] to solve the simultaneous constant equilibrium equations 

for all input species by minimizing the free energy of the 

system. The calculation of the equilibriam concentration from 

the equilibriam constant values are then obtained by iterating 

the set of non-equilibrium mole numbers which satisfies the 

minimization of Gibbls free energy and the condition of mass 
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balance. 

The input parameters are temperature, pressure, number of 

moles of starting reactants, and all the·reaction product species 

with their GeT) data. Thermal decomposition of three moles of 

WeCO)6 was simulated at constant pressure of 1 atm for different 

temperatures. W, C, 02, CO, C02, W2C, WC, W02' and W03 were 

assumed to be the reaction products. The Gibbs free energies 

GeT) for all these species were calculated from (Lupis, 1983J 

llGO(T) - llW + - 298 e2.5) 

Table 2.3 lists all the thermodynamical data (JANAF, 1971; 

Kubaschewski and Alcock, 1979; Schick, 1966J used to calculate 

the Gibbs free energy GeT) in this work. 

Figure 2.6 shows the major reaction product species 

obtained from SOLGAS simulation. This model predicts that 

decomposition of WeCO)6 occurs at temperatures as low as room 

temperature. It also identifies W02' W2C, and CO, to be the 

predominant phases for temperatures up to 400 C. At higher 

temperatures w, C, and C02 are the reaction products. Mass 

spectrometric study of the thermal decomposition of We-CO) 6 by 

(Patokin and Sagalovich, 1976J shows WeCO)6 starts to decompose 

at 230 C. Also (Lander and Germer, 1947J showed plated W 

contained appreciable amounts of C and 0 when plating temperature 

was below 500 C. At higher deposition temperature almost pure W 

was obtained. It must be noted here that the program will only 
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Table 2.3 Thermodynamic Data. 

-----------------------------------------------------------------
compound Phase H0298 G298 s0298 Cp 298 

Real/mole Real/mole eal/mole-C eal/mole-C 

-----------------------------------------------------------------
Mo e 0 0 6.83 5.62 

W e 0 0 7.202 5.73 

C e 0 0 1. 3718 2.038 

°2 9 0 0 49.005 7.015 

H2 9 0 0 31.33 6.89 

Si e 0 0 4.497 4.782 

Si02 e -217.70 9.91 10.51 

SiH4 9 7.8 12.54 48.88 10.22 

Sio 9 - 21.411 50.5473 7.1469 

SiC e - 179.018 3.39 0.51 

Mo02 c -140.8 -127.45 11.06 13.38 

Mo03 c -178.1 -159.7 18.58 13.38 

MoC c -2.4 8.2 11.6 

MoSi2 c -31.4 15.55 17.0 

W(Co)6 c -226.3 -197.4 79.3 39.3 

W02 c -140.90 -18.299 12.8 10.814 

W03 c -201.46 -66.21 18.14 14.936 

-----------------------------------------------------------------



Table 2.3 (continued) 

Compound Phase 

WC c 

WSi2 c 

W02 c 

Mo(Co) 6 c 

H0298 

Kca1/mo1e 

-8.4 

-22.2 

-140.94 

-234.8 
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Cp298 

Kca1/mo1e ca1/mo1e-C ca1/mo1e-C 

-9.6 8.5 58.06 

15.3 16.41 

-127.597 12.081 13.414 

-211.3 77.99 57.90 

-----------------------------------------------------------------
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take into account the reaction of given species. since G(T) must 

be also provided and only the thermodynamical data are available 

for stoichiametry species, no products of WOxCy could be deduced· 

from this program. 

2.4.2 Gas phase Transport 

Most CVD processes are done at temperatures, pressures, 

and gas velocities which are well within the laminar flow 

regime. The maximum possible rate of deposition would be the 

rate at which molecules can reach the substrates by gas phase 

diffusion (assuming all other kinetic processes being more 

rapid). The mass transfer of gases involves their diffusion 

across the slowly moving boundary layer adjacent to the substrate 

surface [Kern and Schnable, 1979]. The thinner this boundary 

layer and the higher the diffusion rate of molecules, the greater 

the mass transport that would result. The hot-wall LPCVD reactor 

used in this work consists of a horizontal cylindrical tube with 

the gas flowing down the tube perpendicular to the substrate. No 

expression has been derived to describe the heat or mass transfer 

for this exact reactor geometry and gas flow condition, but many 

workers approximate the conditions [s~ville and Churchill, 1970J. 

One good approximation has been formulated by Polhausen (1921) 

which leads to the following dimensionless relationship 

a = X 
5.83 

~ 
(.1Y..Q.. ) 

u 

(2.6) 
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where 0 is boundary layer thickness, X is distance down reactor 

from entrance, V is velocity of gas stream, p is density of gas 

mixture, u and is viscosity of gas mixture. 

Gas phase diffusion coefficients can be estimated 

reasonably well from kinetic theory [Reif, 1965J 

o = ~ (KT}3/2 
Po M~ 

(2.7) 

where 0 is Diffusivity of molecules, P is pressure, T is absolute 

temperature, M is molecular weight, a is collision cross section, 

and C is a constant. 

The diffusivity (D) for LPCVD, at a pressure of 0.76 atm, 

is a factor of 1000 times higher than for normal pressure CVD at 

760 Torr (1 atm). The boundary layer for LPCVD is thicker by a 

factor of 3-10 which, however, does not offset the huge diffusi-

vity difference. Thus low-pressure deposition conditions 

enhance mass transfer greatly, making close-spaced substrate 

positioning in hot-wall reactor a practical and highly economical 

technique. 



CHAPTER 3 

OUTLINE OF EXPERIMENTAL APPROACH 

As discussed in the previous chapter, Very Large Scale 

Integration (VLSI) will be achieved by implementing smaller 

feature size in larger chip areas. However, scaling of devices 

to ever smaller sizes imposes severe requirements on the chip 

interconnection materials. To address these needs, tungsten and 

other refractory metals are under consideration for use in 

advanced integrated circuits. The intent of this dissertation 

work is systematically to study low pressure chemical vapor 

deposition of molybdenum, tungsten and their silicides from their 

respective hexacarbonyls solid sources. To show their potential 

applications as an alternative for VLSI chip interconnection 

materials, a two-fold approach was undertaken. First, reliable 

processes to deposit thin films of the desired materials must be 

developed, and process parameters must be optimized and made 

reproducible. Second, the deposited films must be applied to 

basic MOS structure to exhibit their high electrical properties 

and compatibility with integrated-circuit technology. 

An investigative procedure employing this two-fold 

approach is outlined in the flow chart in Figure 3.1 and detailed 

in the succeeding sections of this chapter. Specifically, the 

procedure consists of a closed loop in which the various evalua-
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tion techniques interact at all stages of the process. Through 

electrical measurements and various thin film characterization 

tools the processes of LPCVD for Mo and Ware completely charac

terized. The compatibility of the deposited thin films with 

integrated circuit processing and structures is also investigat

ed. The results of electrical measurements coupled with the 

physical and chemical properties of as deposited and annealed 

films are analyzed to produce inputs to the analysis and modeling 

stage. The feedback feature of the loop permits the optimization 

of experimental conditions (i.e. deposition temperature, flow 

rates, etc.) that are kinetically favorable for uniform growth 

profile within the length of the boat carrying the wafers, hence 

providing a high throughput process. 

The intent of present research is to utilize this 

procedure systematically to study low pressure chemical vapor 

deposition of Mo and W from their respective hexacarbonyl sources 

for these refractory metals and it is the thrust of this work to 

set forth their potential candidacy. The following sections are 

intended to illustrate the manner in which the procedure is 

applied and the particular nature of the investigative interac

tions involved. 

3.1 CVD Reactions and Deposition Methods 

The Mo and W thin films from CVO of their respective 

hexacarbonyls sources were selected for study as interconnect 

materials in VLSI because of their unique properties in relation 



36 

to silicon-based .technology. They have the lowest electrical 

resistivity among refractory metals of choice. In addition to 

acting as diffusion metals, the same films can be patterned to 

serve as self aligned, refractory metal gates. Mo and W have 

much higher melting points than silicon, and their thermal 

expansion coefficients are similar to that of silicon. Hexacar

bonyl sources produce neither reactive nor corrosive fluoride and 

chloride acids as byproducts in their CVD reactions. This 

feature of carbonyl sources provide essential compatibility with 

silicon substrates. 

Early CVD refractory metal work for Large Scale Integra

tion (LSI) chips was done in cold-wall reactors operating at 

atmospheric pressure with small batch sizes. In this work a 

reduced pressure hot-wall reactor was used to take advantage of 

benefits offered by CVD technology for producing refractory metal 

films along with high throughput production. The films were 

deposited by two different methods. In the first method, 

deposition proceeds by the thermal decomposition of their 

respective hexacarbonyls in the presence of inert ambient. In 

the second method, films are grown by combined pyrolysis and 

hydrogen reduction technique. The annealing behavior of the 

resulting films as a function of ambient gas (i.e. N2, Ar, H2/N2' 

etc.) was also studied extensively to characterize the nature of 

impurities introduced by secondary reaction involved in the 

pyrolytic decomposition of sources. 
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3.2 characterization Techniques 

The electrical resistivity of the metal and silicide 

films, which is of paramount importance to interconnection, was 

investigated. However, the electrical resistivity of metallic 

thin films is greater than that of their respective bulk mater

ials due to; size effect corresponding to changes in the mean 

free path of the conduction electrons; and structurai composi

tional modifications from the bulk. 

Maissel [1970] shows that surface scattering of electrons 

at room temperature becomes an important effect for most pure 

metals if they are less than 200 to 300 A, thick. All samples 

for electrical measurement in this study were 2000-3000 A thick 

(the mean free path of electrons in bulk Mo and W at room 

temperature is about 400 A). Therefore, composition, grain size 

and crystal structure were identified as the most important 

factors influencing the resistivity of these films. 

The techniques used to measure the composition, grain 

size, and crystal structure of Mo and W films are mentioned in 

the following paragraphs. 

Auger electron spectroscopy (AES) and Rutherford backsca

ttering spectrometry (RBS) were used for composition depth 

profiling of as-deposited and annealed films. The most stable 

phases of silicides were determined with RBS for analysis of 

silicon-rich films in oxidation study of silicides, (see Chapter 

5). The effect of post deposition heat treatment on the stabi-
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lity of Mo/si and W/si interfaces were also studied with RBS 

technique. 

X-ray diffraction was used to determine the basic 

structure of the films. Scanning electron microscopy (SEM) was 

also used to measure grain size and surface morphology. The step 

coverage of Mo and W films over patterned structure were also 

viewed with SEM. 

A mask set provided information regarding the uniformity 

of deposited films as well as across the wafers in a single 

batch. contact resistance measurements provided information 

regarding the effect of silicon doped substrate and the dosage 

effect of phosphorous and boron impurities on the ohmic range of 

contact resistivity. 

3.3 Ie Applications 

The possibility of using refractory metal thin films as 

interconnect materials in IC is dependent upon ability to form 

electrically insulating thermal oxide or CVD passivation of 

conducting layer. Wand Mo are known to form volatile oxides at 

oxidizing ambient and must be passivated by a mean of low 

temperature process. Therfore low temperature CVD oxide was used 

in this study to form insulator layers in basic MOS structure and 

interface integrity metal/Si02 was evaluated with C-V measurement 

techniques. The thermal oxidation of silicides of Mo and Wand 

the important processes controlling the oxidation kinetics was 

studied in three distinct steps: (1) reaction at the silicide-
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/oxide interface1 (2) net transport of Si atoms relative to metal 

atoms in the silicides; and (3) reaction at the Si/silicide 

interface which releases si from the substrate. Finally the 

fabrication of basic solid state devices utilizing Mo and W 

and their silicides as interconnection lines demonstrated their 

IC compatibility from a technology point of view. 

3.4 Analysis and Modeling 

The ability to grow uniform films on a large number of 

substrates in a single run is making the technique of LPCVD 

increasingly more popular in IC technology. One disadvantage of 

CVD processes is that only a few general classes of reactions can 

be treated under a common theory, because the details for each 

reaction differ from element to element. The initial objective 

of this part of the study was the analysis of all possible 

chemical reactions under consideration to ensure that the 

establishment of thermodynamical equilibrium would not be 

blocked. The second objective was the development of a model 

that produced a uniform growth profile in terms of gas velocity 

and wafer spacing in the deposition zone. The experimental data 

could then be analyzed with respect to this model and a continu

ous feedback of information could refine the process parameter 

for kinetically favorable uniform growth profile. 



CHAPTER 4 

HOT-WALL REACTOR, CHARACTERIZATION TECHNIQUES AND 
EXPERIMENTAL PROCEDURE 

The primary experimental tasks in the present study were: 

(1) the development of reproducible processes to deposit thin 

films of tunqsten, molybdenum and their silicides from their 

respective hexacarbonyl solid sources; (2) performance of 

physical and chemical characterizations on similar controlled 

samples both before and after various heat treatments; and (3) 

verification of their compatibility with current inteqrated

circuit processinq by the application to various test structures. 

The Hot-wall Low Pressure CVD system, characterization techni

ques, and experimental procedure used in executinq these tasks 

are described in this Chapter. 

4.1 Deposition System and Parameters 

Systems desiqned for CVD of thin films must first be 

capable of control of the primary process variables of tempera

ture, qas flow, qas ratios, and pressure in the ranqe appropriate 

for the process. Good run-to-run stability requires hiqh 

repeatibility of those process variables. This section describes 

the CVD system used in this work, and identifies those process 

parameters that were varied independently. 

40 
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4.1.1 Hot-wall LPCVD Reactor 

The depositions were carried out in a hot-wall low 

pressure CVD reactor, Figure 4.1, using a three-zone resistance 

heated horizontal furnace 50 inch long. A quartz furnace tube 64 

inch long with an inner diameter of 4 inches was the reaction 

chamber. This quartz tube was modified with a 1/2 inch flange 

lip with 5 and 3/4 inch outer diameter used to hold the stainless 

steel endcap. The endcap provides the exhaust through ISO-KF 20 

stainless steel adaptor into the pump system. The chamber 

pressure is also monitored via a vacuum gauge mounted on the 

endcap. A 12 inch quartz boat was used to position the s~str

ates vertically within the tube. The temperature range of 

400-1400 C, with +/-2 C, was obtainable which allowed any 

temperature profile required for deposition processes within the 

70 inch furnace tube. 

The vacuum system consisted of a 240 m3/h Roots blower 

and 50.5 m3/h rotary dual stage E2M40 Edwards mechanical pump. A 

second vacuum gauge in the foreline was used to monitor the 

pressure drop across the Roots blower. The vacuum systems were 

connected to each other and through a valve into the chamber with 

stainless steel hoses and clamp assembly. The overall system is 

capable of creating a vacuum better than 0.2 mTorr. 

The gas manifold consists of 4 standard flow tube 

metering system with manual toggle valves and heated oil bath for 

solid sources. All the input gas lines and parts are swagelock 

stainless steel. The line temperature is controlled by heat 
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taped and mantles in order to avoid condensation of gases. The 

entire system (gas manifold, deposition chamber, and pump 

assembly) was cleaned and leak-checked before deposition and 

completely purged with inert gas (N2) after each run. This is an 

important task in order to avoid cross contamination and prevent 

any impurity introduction into the system from run to run 

depositions. 

After the deposition, the results of preliminary charact

erization of the films revealed that the films are amorphous and 

highly resistive. A post-deposition annealing in different 

atmosphere results in the grain formation which is associated 

with the drop in thin-film resistivity. Thus, for high tempera

ture treatment, a furnace similar to the reactor tube was 

assigned having temperature range of 400-1200 C, with +/-2 C, 

capability for this purpose. The gas manifold for this furnace 

was designed to handle 4 different ambients, namely, N2' Ar, 10% 

H2-90% N2' and 02" This furnace was cleaned frequently and the 

stainless steel parts were checked to be leak-tight. 

4.2 Process Paramet~rs 

The structural and compositional properties of thin films 

of the desired material are affected and controlled by the 

process parameters. The high-throughput, batch deposition, 

characteristic of hot-wall LPCVD method is only achievable if 

uniform growth profile across the deposition boat is obtained as 

well as uniform thickness across each substrate. This technique, 
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however, .requires accurate control of the gas flows and deposi

tion temperature of the system. Figure 4.2 shows the schematic 

diagram of LPCVD reactor and the relevant parameters. 

In general, each subset of variables has a first order 

effect on a set of film properties. It is also true that the set 

is neither complete nor is it an independent set. It is, however 

desirable, and more practical, to extract those parameters that 

are of paramount importance and are easily controllable by the 

researcher. The interdependency of other variables can also be 

obtained by thermodynamic relations governing CVD processes. In 

the following paragraphs the predominant variables are identified 

and their correlations to the process outputs are mentioned. 

4.2.1 Temperature 

Source temperature (Ts) determines the partial vapor 

pressure of solid sources (see Figure 2.5) which, in turn, 

determines the growth rate of the films. Since vapor pressures 

are generally exponential functions of temperature this variable 

must be controllable and monitored closely. Source temperature, 

with pump speed, also determines the overall chamber pressu~e. 

Line temperature (Tl) must be high enough that condensation does 

not occur within the gas manifold system. The upper limit of 

line temperature is that required to avoid decomposition of 

gaseous species or else the undesired gas phase nucleation will 

occur. Up to 125 C for MO(CO)6 and 230 C for W(CO)6 there is no 

thermal decomposition of the carbonyls [Patokin, and sagalovich, 
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In this work, line temperature is kept ~o C above the 

source temperature an thus concern about Tl was eliminated. 

As discussed in Chapter 2, deposition temperature along 

with deposition rate determines the structure of the films 

(amorphous, fine grain, etc). Thus, both source and deposition 

temperatures must be varied controllably in order to obtain the 

optimal and reproducible films. 

4.2.2 Flow rates 

The deposition rate in CVD can be changed simply by 

controlling the flow rates of reactants. The stoichiometry of 

compounds are also functions of flow rates of reacting species. 

Flow rates of reactants into the chamber, and the sweep volume 

with which the pump can exhaust the products from the chamber, 

will determine the chamber pressure. There is some optimal mass 

flow and chamber pressure for which best uniformity across the 

deposition zone is attained. A fixed pump speed, however, 

eliminates one degree of freedom. That is to say, for a fixed 

flow rate and pump sweep volume the chamber pressure will be 

fixed. 

In summary, LPCVD process variables are source and 

deposition temperature, chamber temperature profile, the input 

concentration of reactants (i.e. flow rates), and chamber 

pressure. Determinants of film properties, which for this process 

must be optimal and reproducible, are the deposition rates, 

growth uniformity and composition of deposited films. 
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4.3 Characterization Techniques 

Techniques used to measure the electrical resistivity, 

stress, composition, grain size, and crystal structure of the CVD 

films are described in the following paragraphs. 

4.3.1 Measurements of Resistivity 

Resistivity of various films was calculated from the 

measured sheet resistance and the thickness. The sheet resist-

ance was measured by use of a four-point probe, Model RTM-100 

from Matheson. The thickness of the film was measured by 

creating a step (by appropriate Dry and Wet etching) and measur

ing the step height by use of an Alphastep profilometer from 

Tencor corporation. 

4.3.2 stress measurement 

All stress measurements in this work were made with 

stylus type surface profiling instrument, by Motorola Inc. stress 

in deposited films using a stylus type instrument can be deter

mined by Timoshenko relation [Timoshenko and Woinowsky, 1959]. 

(4.1) 

Where a is the stress in the film, Ts and Tf are the thickness of 

substrate and film, respectively, Es is Young's modulus of the 

substrate, Vs is Poisson's ratio for the substrate, and R is the 

radius of curvature. For (100)-oriented silicon wafers the 
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values of Es =1.8X1012 dynes/cm2 and Vs =O.446 were used [Henzal 

and Hearn, 1978]. 

4.3.3 Measurement of Composition 

Measurements of composition in this study were done with 

Auger electron spectroscopy and Rutherford backscattering 

spectrometry. A Perkin -Elmer PHI600 Scanning Auger Multiprobe 

with in-site argon sputtering, located at the Chemical Engineer

ing Department of the University of Arizona, was used to obtain 

impurity depth profiles in the NeE) mode on some controlled 

samples. Quantitative analyses between the Auger electron signal 

and atomic concentration were performed by System Computer. 

Vacuum Generators, Ltd., Escalab Mark II system, located at the 

Chemistry Department of the University of Arizona, was used to 

obtain most of AES data in this work. In determining the 

relationship between the Auger electron signal and atomic 

concentration the following formula represents a first order 

method of deriving atomic percent from the quantity of detected 

Auger electrons 

Atomic % X = (4.2) 

where Ii is the Auger signal for element i, and Si is the 

relative sensitivity factor for element i. The sensitivity 
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factor weighs the signal I to account for effects like the loss 

of some Auger electrons due to a small escape depth from the 

film. The sensitivity factors have been published for pure 

materials in the Handbook of Auger Electron Spectroscopy [Palmbe

rg, 1976]. There are several inherent errors in these simple 

quantitative teChniques. There are: (1) matrix effects on 

electron escape depths and backscattering factors; (2) chemical 

effects on peak shapes; and (3) surface topography. 

The handbook S value for carbon is therefore appropriate 

for the escape of a Auger electron, which originates from a 

carbon atom (from a carbon matrix), but it is not appropriate 

for the same electron escaping from a Mo or W matrix. Therefore 

S values for C in a Mo and W matrix should be obtained in order 

to find the composition of CVD films with higher degree of 

accuracy. The handbook values of 0.34 for Mo and 0.11 for Ware 

appropriate. A sample of powdered W2C, with known composition, 

was measured to allow for a calculation of the S value for C in a 

W matrix. The result obtained was 0.29. The S value of 0.33 for 

C in M02C [Carver, 1980] was used. The surface roughness effect 

could be minimized by moderate sputtering rate of 2-4 A/sec. 

The operating procedures and system parameters for both systems 

are given in Table 4.1. 

In summary, atomic percents used in our analysis were 

taken at a depth in the films where the sputter profiles were 

flat. If the profile was not flat, as with the partially 

annealed films (see Chapter 6.), an average composition within 
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Table 4.1 AES System Parameters and Operating 

Procedures. 

-----------------------------------------------------------~-----

System Parameters Ltd., Escalab II PHI600 (SAM) 

______ 0 ______ -----------------------------------------___________ _ 

Vacuum 

Beam voltage 

Beam current 

Gun voltage 

Sputter area 

Output 

Analysis 

< 5xlO_9 Torr 

3 Kv 

1-3 A 

Whole sample 

dN(E)/dE 

AppH measurements 
of the plots 

< lX10-10 Torr 

5 Kv 

3X10-7 A 

2 Kv 

1 mm2 (Rastered 
over 1cm 
length) 

N(E) 

By computer 
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the skin depth was estimated. with this technique and system 

operating conditions the Auger compositions are good to within 

+/-2 atomic percent for each constituent. 

Rutherford backscattering techniques, using 4He beam with 

1892 KeV energy generated by a vertical single ended Van Der 

Graff located at the Physics Department of the University of 

Arizona, were used for determination of stoichiometry, film 

thickness, and impurity concentrations in some selected samples. 

Backscattered particles were energy analyzed by a fixed 25 mm2 

surface barrier detector (170 degrees from the beam direction) 

which subtend solid angle 0.78 msr at the target • 

. A high energy incident beam can penetrate appreciable 

depth of the samples. While this is of advantage in depth 

profiling applications, the overlay of peaks from different 

elements can cause problems in the analysis of low atomic weight 

elements. To alleviate this problem, graphite substrates were 

used for as-deposited samples in order to detect carbon and 

oxygen impurities in the films expected from hexacarbonyl 

sources. It is obvious that the low scattering cross section of 

light elements, such as C and 0, causes extreme difficulties and 

limits the accuracy of their concentration analysis to about +/-

10 atomic percent. 

4.3.4 Determination of crystal structure 

A Philips/Norelco Bragg-Brentano Diffractrometer, along 

with IBM PC/AT with interfacing hardware and software for on-line 
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data acquisition, was used to determine the crystal structure of 

our films. Also, search/match software with JCPDS powder diffr

action files for peak identification was for the analysis of 

diffraction lines. The x-ray diffractometer was used with a CU

Ka radiation tube. 

For each sample, first a general continuous scan from 10 

to 80 degrees with angular speed of 1 degree/min was performed. 

After obtaining the ranges of 0-20 for which visible peaks were 

detected, then the diffractometer was operated with a angular 

speed of 0.25 degrees/min for the above 0-20 ranges and data were 

stored for analysis. By using the search and match software the 

peaks were identified for ~ppropriate phases and structures of 

the samples. 

4.4 Experimental Procedure 

A study of this type' begins by experimentally determining 

a set of process parameters which results in the deposition of a 

film with good uniformity and adherence at the substrate. The 

film should also be thick enough and should have a smooth 

surface, such that accurate, measurements of resistivity can be 

made [Carver, 1980J. 

The second step involves measuring the resistivity, 

composition, and crystal structure of the deposited films. We 

then choose a second set of process parameters which will result 

in a second film with new physical and chemical properties. An 

increase or decrease in the resistivity is then correlated with 
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the changes of chemical composition and structure. This cycle 

between deposition and electrical-chemical characterization 'of 

films is done several times in a systematic manner until correla

tions between the compositions and deposition parameters can be 

separated. The changes of chemical compositions of the films, as 

a result of alteration of one process variable while leaving the 

others unchanged, will determine the origin of incorporated 

impurities within the films. Annealing at different ambient and 

temperature can also be used to change structures and composi

tions of thin films, hence modifying the physical properties of 

the films. Figure 4.3 illustrates this methodology. 

Films deposited at A are submitted to B for characteriza

tion. After the resistivity, physical, and compositional proper

ties of the films are known, the films are either submitted to C 

for anneal and then back to B for recharacterization, or the 

properties determined at B suggest we return to A and deposit 

with new process parameters. After the initial deposition and 

characterization is completed (A-B), several cycles of anneal and 

characterization (B-C-B) and several cycles of redeposition and 

characterization (B-A-B) are carried out before the analysis (B

D) is done. The analysis consists of establishing correlations 

between each physical property and resistivity. Explanations of 

these correlations using the thermodynamic and kinetic theories 

for solid-vapor reactions are given in Chapter 6. 



Figure 4.3 Flow Chart of Experimental Procedure 
for Characterization of Deposited 
Thin Films. 
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4.4.1 Deposition Process 

As mentioned earlier, the three physical properties 

(adherence, uniformity, and smooth topography) were the first 

criteria of LPCVD of Wand Me films. After several cycles (A-B) 

the optimal range of deposition parameters were obtained and 

listed in Table 4.2. Prior to each deposition, the entire system 

was purged with high volume nitrogen gas for at least one hour. 

For every experimental run, the following flow chart was adopted 

as standard procedure in order to ensure the reproducibility and 

establish the statistical bases for the resulting data. 

(1) Turn on the mechanical pump, and warm up for 2 hours, 

with N2 Ballast. 

(2) Turn on the Booster Pump and let it warm up for 1 hour. 

(3) Set furnace, source and line temperatures and let them 

stabilize for 2 hours. 

(4) Install the endcap hose to the furnace, slowly open the 

Booster's valve and evacuate the chamber. 

(5) Close the purge lines (N2) of all sources and open the 

the flowmeters and evacuate all the lines. 

(6) Flowmeters must fall to zero after a few minutes or 

else there is a leak in the lines. 

(7) Record the source pressures, close bubbler toggle 

valve and bubbler inlet, refill bubbler line with 

carrier gas. 

The chamber must reach ultimate vacuum at this stage (0.2 mTorr). 

The system is now initialized and ready for deposition process. 



Table 4.2a Range of Deposition Parameters for Uniform 

Metal Films Deposition. 

Parameters 

Deposition 
temperature 

Source 
temperature 

Line 
temperature 

Carbonyl partial 
pressure in the 
chamber 

Chamber 
pressure 

Base 
pressure 

Carbonyl bubbler 
flow rate 

Total carrier 
gas flow rate 

Mo 

280-320 C 

50-70 C 

60-80 C 

100-150 mTorr 

400-800 mTorr 

0.2 mTorr 

10-40 cc/min 

300-600 cc/min 

w 

300-350 C 

50-70 C 

60-80 C 

150-200 mTorr 

400-800 mTorr 

0.2 mTorr 

10-40 cc/min 

300-600 cc/min 
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Table 4.2b Range of Deposition Parameters for Uniform 

silicide Films Deposition. 

57 

-----------------------------------------------------------------
Parameters 

Deposition 
temperature 

Source 
temperature 

Line 
temperature 

Carbonyl partial 
pressure in the 
chamber 

Chamber 
pressure 

Base 
pressure 

Carbonyl bubbler 
flow rate 

Pure silane 
flowrate 

Total carrier 
gas flow rate 

200-270 C 250-320 C 

50-70 C 50-70 C 

60-80 C 60-80 C 

30-150 mTorr 30-200 mTorr 

400-800 mTorr 400-800 mTorr 

0.2 mTorr 0.2 mTorr 

10-40 cc/min 10-40 cc/min 

10-25 cc/min 10-30 cc/min 

300-500 cc/min 300-500 cc/min 
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(8) Close the pump, open Chamber N2 ballast valve and 

vent the chamber. Take the endcap off. 

(9) Load the wafers into the boat. Load the boat into the 

furnace. 

(10) Push the boat slowly into the furnace, locate the boat 

at the deposition zone. 

(11) Record the deposition source, and line temperatures. 

(12) Close the N2 purge, install the endcap and evacuate the 

chamber, record the foreline pressure. 

(13) Set carrier flowrate, carrier through the bubbler bypass 

mode, record the flowrate and pressure. 

(14) Turn 4-way valve of bubble 2 to deposition position, 

open bubbler toggle valve, slightly open bubbler inlet 

. until preset flow is reached again. 

(15) Record the deposition time. 

(16) After deposition is completed, close the bubbler toggle 

valve and inlet valve. 

(17) Close the carrier gas, evacuate the flowmeter, record 

base pressure. 

(18) Open N2 purge line, close the Booster's valve, open N2 

ballast valve, and vent the chamber. 

(19) Take the endcap off, remove the boat, and label the 

wafers. 

(20) Ready for the next run. 

To avoid contamination from backscattering pump oil the 

pump assembly should be left at stand-by position if the next run 
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is within a few hours. Also, changing pump oil every 20 deposi

tion hours will eliminate contamination to a higher degree. 

4.4.2 Annealing Process 

In order to realize the advantages of refractory metals 

in VLSI interconnect, their electrical characteristics must be 

stable with subsequent high-temperature processing steps. As 

mentioned in chapter 1, one advantage of LPCVD is the high 

throughput capability of this process. In order to maintain this 

feature, a Hot-wall furnace annealing was used to characterize 

the post-deposition heat treatment of the deposited CVD films. 

The anneals performed were either isothermal or isochro

nal. For isothermal anneals, the duration was varied from 5-60 

min. The anneal duration begins after a five minute warm-up 

and excludes a five minute cool-down period. For isothermal 

anneals, the temperature was varied between 500-900 C, with +/-2 

C, deviations across the 18 inch deposition zone. Three ambient 

nitrogen, argon, and forming gas (10% H2 - 90% N2) were used and 

a flow rate of 5 liter/min was maintained. 

One disadvantage of the refractory metals is their poor 

oxidation resistance. Traces of moisture in the gas ambient 

during anneal cycles of unprotected Mo and W films will result in 

internal oxidation of the films. To alleviate this problem, the 

use of a Matheson Hydrox Purifier for high volume of inert gas 

(5 liter/min) was required in order to reduce 02 and H20 levels 

to less than 0.1 ppm, otherwise a partially outgassed film with a 
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thin oxide overcoat will be produced. The following flow chart 

was adopted as standard procedure for annealing the films in 

order to ensure the ~eproducibility of the result. 

(1) Samples were cleaned and spin dried completely with 

warm nitrogen. 

(2) Set temperature controller to desired temperature. 

(3) Set N2 purge to 100 SS (R-2-l5-B) corresponding 

to about 5 liter/min. 

(4) Purge system with the boat for 2 hours. 

(5) Remove the boat, load the completely dried wafers. 

(6) Insert boat into furnace and zone, close the cap, and 

warm up for 5 min. 

(7) Push wafers slowly into hot zone and set the timer. 

(8) After completion of anneal time, pull the wafers slowly 

to end zone and let cool down for 5 min. 

(9) Remove the boat, and unload. 

4.5 Integrated Circuit Application 

In order to utilize the low-resistive feature of Mo and W 

films as an alternative for interconnect system in VLSI a set of 

test structures listed in Table 4.3 were used to evaluate the 

effect of various process steps encountered in the fabrication of 

such VLSI circuits. The standard IC processing techniques to 

fabricate these test structures, using the deposited CVD films of 

Mo and W, were used. Major emphases were given to the effects of 

various process steps on the MOS behavior of basic capacitor, 



Table 4.3 Standard Test Structure • 

Test structure 

1) capacitor 
1000 mi12 circular 
100xlOO um rectangular 
10xSO um rectangular 
sxlO um rectangular 

2) Split-cross Bridge Resistor 
R-2R structure 

3) Four-terminal contact 
Resistor 
R-2R structure 

4) Metal lines of various 
width 

. Experiment 

Gate oxide characteristic 
MOS chracteristic 

Sheet resistance 
measurements 

contact resistance 
measurements 

Pattern definition 

61 



62 

contact resistance of the films to silicon, and schottky diode 

behavior. Finally the Ie compatibility of the deposited CVO 

films was studied with dry and wet oxidation. 



CHAPTER 5 

EXPERIMENTAL RESULTS 

The properties of the molybdenum (Mo) and tungsten (W) 

films are presented in this section. These films were formed by 

the pyrolytic decomposition of their respective carbonyls, in the 

hot-wall low pressure chemical vapor deposition system described 

in Chapter 4. 

The relationships among deposition variables (such as 

substrate temperature, rate of gas flow, and partial pressures of 

hexacarbonyl sources) and growth parameters (such as growth rate 

and growth profile) were obtained from numerous deposition runs 

in order to determine the process characteristics required for 

reproducible film parameters. The effect of deposition variables 

on film properties (such as resistivity) was determined from the 

electrical and physical data given here. The electrical data 

consist of the resistivity measurements on as-deposited and 

annealed samples. Film composition and microstructure as deter

mined by Auger electron spectroscopy (AES) , Rutherford backscatt

ering spectrometry (RBS), X-ray diffraction and Scanning electron 

microscopy (SEM) are presented to establish their relationships 

to process variables. The results of the passivation of Mo and 

W, oxidation of their silicides, and characterization of MOS 
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structures are shown in an effort to establish their integrated 

circuit compatibility. 

5.1 The effect of process variables on deposition· rate 

The most important process variables that could be varied 

independently, as described in Chapter 4, were substrate tempera

ture, carbonyl source partial pressure, carrier gas pressure, and 

carrier gas flow rate. Each of these variables affect the growth 

parameters, namely growth rate and uniformity of deposition, 

albeit deposition temperature appeared to have the most signifi

cant influence. The initial objective is to obtain the range of 

deposition temperatures for the best film adherence, uniformity 

across a wafer, and uniformity across the boat. Also, to study 

the kinetics of rate control mechanisms for thermal decomposition 

of carbonyls, a precise knowledge of deposition rate over a wide 

temperature range is required. Figure S.la and b show the effect 

of substrate temperature on deposition rates of Mo and W, 

respectively. Each point in this figure is from the center of a 

single wafer located 10 inches downstream from the gas inlet of 

the deposition reactor. The measurements were done using the 

step height method by Alphastep profilometer from Tencor corpora

tion. 

Although the conditions for the two metals were not fully 

equivalent, it may be noted that deposition rates for Mo were 

higher than those for W. For temperatures up to 150 C for 

MoCCO)6 and 200 C for WCCO)6 there is no appreciable deposition 
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of metal films, because no thermal decomposition of the carbonyls 

has occured. In the temperature range of 150-300 C for Mo(CO)6 

and 200-400 C for W(CO)6, there is a moderate increase in the 

deposition rates (1-3 A/sec) due to incomplete pyrolysis of 

carbonyl source molecules at the substrates. Above 300 C for 

Mo(CO)6 and 400 C for W(CO)6, there is a sharp increase in the 

deposition rates indicating the complete decomposition of all 

carbonyl molecules. Finally the deposition rates tends to level 

off at high temperatures. It should be noted that above tempera

ture of 350 C for Mo and 450 C for W there is a severe non

uniformity across the boat and almost no deposition took place on 

the substrates other than the first 5 wafers of 48 total in the 

boat. Above the temperature of 500 C powder formation resulting 

in nonadhering films was formed. This effect has been commonly 

observed and attributed to homogenous gas phase nucleation in the 

formation of coatings by vapor deposition techniques (Blocher, 

1974; Hammond and Bowers, 1968J. From the deposition rate data, 

Figure 5.1, it should be noted that at low temperatures the rate 

of the process is limited by a surface chemical reaction. 

The effect of carbonyl source partial pressures on 

deposition rate is shown ·in Figures 5.2 a and b for Mo film 

deposited at 300 C and W film deposited at 400 C, respectively, 

for various conditions of flow rates. These plots show the 

dependency of the deposition rate on the amount of available 

carbonyl sources material. As shown, linearity is observed in 

the initial portion of the curves for carbonyl partial pressure 
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up to 80 mTorr for Mo and 100 mTorr for W (with total flow rate 

of 400 cc/min) generally followed by a leveled-off portion. For 

higher flow rates (higher deposition pressure), higher deposition 

rates are obtained. Figure 5.2 indicates that gaseous diffusion 

of carbonyl molecules to the substrate surface is also the rate

limiting process. The rate of such diffusion should be linear 

with carbonyl concentration until the concentration becomes high 

enough that diffusion is no longer the slowest process. At higher 

carbonyl pressure than 80 mTorr for Mo deposition and 100 mTorr 

for W deposition the overall rate is much less affected by 

pressure, and the curves level off. It should be noted that at 

higher flow rates the uniformity of deposition over the boat is 

substantially improved. 

Systematic variation of deposition parameters in the 

first few runs was done to obtain the optimal wafer spacing and 

loading (i.e. the number of silicon wafers per boat). The primary 

criteria at this point were uniformity and adherence of the films 

across the wafers for all positions along the length of the boat. 

A 1/4 inch wafer spacing appeared to give the best results. A 

total of 10 wafers in each run were used to obtain the dependency 

of deposition parameters. To avoid load dependencies, dummy 

wafers were added to vacant slots in order to insure repeatable 

deposition characteristics. The best surface morphology and film 

adherence were observed at deposition temperature of 280-300 C 

for molybdenum and 320-350 C for tungsten. 

Preliminary determination of the uniformity of deposited 
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f~lms was done electrically, through measurement of sheet 

resistivity by the four point probe technique. The resistivity 

on uniformity of the deposited films across a three-inch wafer 

was within +/-3 percent. Five data points were taken on each 

wafer, one in the center plus four points spaced 90 degrees 

around the periphery of wafers and 1 cm away from the edge. 

However, the sheet resistance of films increased along the boat 

indicating a gradual depletion in the flow direction causing a 

spread of film thickness from wafer-to-wafer along the length of 

the boat. An attempt to adjust for this deposition effect 

through temperature profile variations was unsuccessful, because 

reproducibility of deposition was too difficult to achieve. Thus 

the deposition temperature had to be kept at a value that 

appreciable amounts of the source compounds would not decompose 

during the time spent inside the chamber prior to reaching the 

deposition zone. 

Figure S.3a plots typical variations in the observed 

growth rate with respect to the wafer positions, with the input 

concentration of Mo(CO)6 as parameter. At low input concentra

tion of MO(CO)6 a strong depletion is found, which ~radually 

diminishes with increasing partial carbonyl pressures. The sharp 

slope of growth profile near the front end of deposition zone is 

due to high source concentration within the first few wafers. 

This phenomenon is homogeneous gas phase reaction, leading to 

this increased deposition rate on the first few wafers. As may 

be seen from Figure 5.3, for MO(CO)6 partial pressure of l50 
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mTorr at deposition temperature of 300 C, the spread with the 

length of the boat carrying the wafers is minimal. Figure 5.3b 

shows similar results for deposition of tungsten. However, the 

largest flat growth profile in this case is found for W(CO)6' 

partial pressure of" 200 mTorr and at deposition temperature of 

350 C. This increase in deposition temperature for W over Mo is 

merely due to its higher activation energy which translates into 

higher decomposition temperature for WO(CO)6 than Mo(CO)6 as 

mentioned previously. The uniformity of Wand Mo films, for the 

above optimal input concentrations and deposition temperatures, 

are within 8% and 6% respectively. It can be seen that the 

depositions are within accepted limits of IC technology of thin 

films. If the characteristic of the deposition reactor would 

have been such that the ramp temperature profile could have been 

realized, one could have usually obtained a longer deposition 

zone, hence achieving a higher throughput. 

Since Wand Mo thin films are being investigated for 

their application in multi-level interconnections of VLSI, it is 

essential to study the effect of the various substrates encoun

tered in IC fabrication. Both films of Wand Mo were deposited 

on Si02/Si, Si3N4/si, undoped poly-Si/Si and n-type Poly-si/Si 

substrate. As deposited films showed no differences with respect 

to anyone of these substrates. All the as-deposited samples 

were, in appearance, shiny metallic with no surface features as 

viewed with optical microscope. 
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5.2 Properties of As-Deposited Films 

In the first part of this study, the growth rate and 

growth profile characteristics of Mo and W films were measured as 

a function of deposition variables. Further, those ranges of 

process variables were defined for which deposited films with 

good uniformity and adhesion were attained. In this part of the 

study, chemical and physical properties of Mo and W films were 

examined as a function of deposition process parameters. Then, 

the correlation between the two sets of results were used for 

process optimization. 

5.2.1 Resistivity of As-depossited Films 

The major process functional dependencies of resistivity 

for as-deposited films are plotted in Figures 5.4 a and b. The 

results are given in the following paragraphs. 

Figures 5.4a presents Mo resistivity measurements from a 

single wafer, located at the front end of deposition zone, as a 

function of substrate temperature. Also carrier gaseous ambient 

is given as a parameter. Above 400 C, resistivity of films 

deposited changes only slightly with temperature and the carrier 

gas substitution has a little effect. For any given pressure and 

flow conditions (e.g. 400 mTorr and 500 cc/min), however, the 

resistivities of deposited films are found to increase rapidly as 

temperature decreases below 400 C. In fact, a decrease of 50 C 

in substrate temperature" in the temperature range below 400 C, 

can cause the resistivity of the resultant films to be 5-10 times 
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as high as that of films formed at temperature above 400 c. This 

temperature dependence of films resistivity is due to incorpora

tion of carbon into the metal structure either as interstitial 

atoms or in the form of a finely divided carbide as a result of 

decomposition of carbon monoxide by products CO or incomplete 

decomposition of carbonyl molecules respectively. The subject of 

impurities incorporation into films will be discussed in detail 

in chapter 6. 

Figure 5.4b plots the resistivity of W films as a 

function of substrate temperatures. Above 450 C, W resistivity 

is invariant with temperature of deposition and generally W 

resistivity is higher than Mo resistivity for the same deposition 

temperatures. 

considerably lower resistivities are obtained at higher 

substrate temperatures for both Mo and W films, but severe gas 

phase depletion of reactants along the boat produces a spread of 

thickness nonuniformity along the deposition zone giving thinner 

deposit on the back end wafers. For this reason, the deposition 

temperature for Mo should be kept below 320 C and about 350 C for 

W. This requirement produces a higher carbon impurity concentra

tion in the films which results in higher resistivities than 

those obtained if deposition temperatures of 400-500 C were 

allowed without severe nonuniformity. ThUS, other process 

parameters must be considered for any reduction of impurities. 

Since low resistivity is desired, different techniques 

were used to try to decrease the resistivity of as-deposited 
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films. Figures 5.4 a and b also compare the electrical resist

ivity of the films deposited with 10% H2-90% N2 balance with that 

of films made with N2 carrier gases at various temperatures. For 

Mo films at low deposition temperatures the carrier gas N2 

sUbstitution has a definite advantage over H2 mixture. In the 

case of W films, those deposited with N2 carrier gas show greater 

reduction of resistivity than their H2 ambient deposited counter

parts between temperature range of 300-400 C. For both Mo and W 

films deposited above 400 C, there is no obvious difference 

between the resultant resistivities as a function of carrier 

gases. 

Argon gas produced the same effect on resistivities of Mo 

and W as N2 had. 

5.2.2 Rate Dependence of Resistivity 

The resistivity of Mo film was also found to be dependent 

on deposition rate as shown in Figure 5.5 for films deposited at 

a substrate temperature of 300 C and 350 C respectively. Each 

data point represents the mean of 3 measurements from the front, 

middle, and last wafers in the 12" deposition boat. In the 1.5-5 

A/sec range the effect of deposition rate on Mo film resistivity 

was slight and increased at higher deposition rate. However, 

since the substrate temperatures was held constant, the gas flow 

rate had to be increased in order to attain a wider range of 

deposition rate. Thus, the only parameter that is constant for 

these data points is the substrate temperature. The dependence 
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of resistivity on deposition rate for Mo film, in films deposited 

at 300 C, is possibly explained by the physical incorporation of 

absorbed carbon containing molecules (CO and C02) into the 

growing film. If the rate of deposition is high enough that an 

absorbed by-product molecule is covered before it can move away, 

the molecule will become an impurity in the film. At lower rates 

of deposition a greater portion of these by product carbon 

containing molecules could escape before entrapment and thus 

result in films with lower resistivity. The W film resistivity 

seemed to be invariant with respect to deposition rate. One 

possible explanation is the higher activation energy of W than 

~o. Decomposition of W(CO)6 is less complete at 350 C than 

Mo(CO)6 is at 300 C, yielding fewer carbon containing molecules 

as by products. 

5.2.3 Composition of As-Deposited Films 

Auger electron spectroscopy (AES) and Rutherford backsca

ttering spectromerty (RBS) , as the two analysis tools described 

in Chapter 4, were used to chemically characterize as-deposited 

control samples of Mo and W films. Impurity profiles through the 

constituent films were obtained as a function of those deposition 

conditions for which the electrical resistivity appeared to be 

most effected. The only measureable impurities detected during 

the course of this analysis were C and o. Auger profiles for 

2000 A thick films were obtained by monitoring the Auger Peak-to

Peak heights (APPH) for Mo, W, 0, C, and Si while the films were 



82 

being milled. The low energy Auger Peaks at 183, 164, 510, 272, 

and 92 eV, respectively, were primarily used. 

Typical profiles for as-deposited Mo and W films are 

shown in Figures'5.6 a and b. The profiles of the films are 

usually characterized by high surface concentrations of oxygen 

and carbon, followed by much lower and relatively constant levels 

of these impurities within the film interior. These high surface 

impurity values are typical of thin layers of oxides or absorbed 

carbon material that often form during the handling and transfer

ring of samples from the deposition site to the characterization 

site. The subsequent constant values, however, represent the co

deposited concentrations of impurities from hexacarbonyl solid 

sources. The apparent increase in oxygen concentration at the 

Mo/Si interface is assumed to be due to the native oxide on the 

substrate. A complete 0-2000 eV scan was taken periodically 

during the milling to determine if other elements were present. 

The atomic percent of each constituent was found by correcting 

the Peak-to-Peak Auger Signal with the S values of pure materials 

as described in Chapter 4. Atomic percents used in compositional 

analysis were taken at a depth in the films where the sputter 

profiles were flat. 

The concentrations of the co-deposited 0 and C impurities 

as a function of deposition temperature and carrier gaseous 

ambients are plotted in Figures 5.7 and 5.8 for Mo and W films, 

respectively. As shown in these figures impurity concentrations 

are strong functions of deposition temperature as well as gaseous 
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For Mo films deposited in a forming gas ambient (10% 

H2-90% N2) carbon concentration decreases from 24 to 13 atomic 

percent at substrate temperatures of 200 to 350 C, and levels off 

with further increase of temperature up to 450 C. For Mo films 

deposited in N2 inert ambient, carbon impurity values are consid

erably lower and decrease linearly· with increasing substrate 

temperatures up to 450 C. Oxygen impurity concentration co-

deposited in Mo films, Figure 5.7b, decreases linearly from 16 to 

2 atomic percent in temperature range of 200 to 450 C when 

forming gas is used as carrier gas. However, oxygen concentra

tion incorporated in Mo films at N2 ambient appears to have a 

much lower dependence on deposition temperature. 

In W films, the co-deposited carbon impurity concentra

tion decreases almost linearly with deposition temperature in 

both reducing and non-reducing ambients. Comparison of Figure 

5.7a and 5.8a indicates a higher co-deposited carbon concentra

tion in W films than in Mo films for deposition temperature below 

370 C. Furthermore, the C impurity level falls off rapidly in W 

films with further increasing deposition temperature while its 

value stays constant at aHout 12 atomic percent in Mo films. 

Oxygen co-deposited in W films is at about 15 atomic percent for 

deposition at 300 C, and its value levels off to 11 atomic 

percent at 450 C for W films in N2 ambient, while 0 concentra

tion decreases linearly with deposition temperature in forming 

gas ambient. Comparison of Figures 5.7b and 5.8b shows that 0 

impurity concentration is higher for W films than Mo films 
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deposited at higher temperatures. Generally, the reducing effect 

of H2 ambient is greater for Mo than W films. It will be shown 

in the next section that internal oxidation of Mo films did not 

occur, while x-ray measurement data indicated the presence of 

tungsten dioxide in W films. 

It is apparent that the increasingly sharp rise in 

electrical resistivity of the as-deposited films at low tempera

ture is in part due to these co-deposited C and 0 impurities 

(Fig. 5.4a and b). In addition, Auger line shapes of elemental 

peaks can give information about the nature of chemical bonds in 

the films. 

Rutherford backscattering analysis provides complementary 

information regarding the composition and stoichiometry of any 

phases present in the deposited films. As described in Chapter 

4, to simplify the analysis of low atomic weight elements, such 

as 0 and C, and to eliminate the overlaying of the silicon 

substrate peak, graphite substrates were used to deposit W films 

at 350 C in N2 ambient. Although the quantitative elemental 

analysis of RBS is not very accurate for lower atomic weight 

elements, a value of about 15 atomic percent for oxygen and 

carbon was estimated for W films deposited at 350 C. 

5.2.4 structure of As-Deposited Films 

X-ray diffraction did not show any specific peak that 

could be identified as body centered cubic (bcc) Mo or W deposit

ed at 300 C and 350 C respectively. This indicates that the as-
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deposited films at these temperatures are amorphous. When the 

substrate temperature during deposition of Mo was between 300-400 

C, diffraction lines characteristic of molybdenum carbide films 

occured with increasingly higher intensities as temperature 

increased in this range. For W films deposited in the range of 

350-450 C, x-ray diffraction patterns were obtained with the 

characteristics of those identified as tungsten dioxide. But no 

such diffraction lines were present to indicate the presence of 

tungsten carbide. In the scanning-electron micrograph (SEM) , 

Figure 5.9, the surface of the Mo film deposited at 300 C 

appears featureless and no grainy structure is observed. 

5.3 Properties of Annealed Films 

Because the as-deposited films are amorphous and contain 

oxygen and carben impurities, the effect of high temperature 

annealing on the properties of Mo and W films was extensively 

investigated. It must be noted that the low-oxidation resistance 

of metal films and their silicide formation at the interface with 

silicon substrates are the relevant constraints which must be 

considered in annealiing process. Samples of Mo and W films used 

for this study were nominally 3000 A thick deposited on single 

and polycrystalline silicon substrates. These were annealed 

under various conditions. Three ambients, nitrogen, argon, and 

forming gas (10% H2-90% N2) were used. The anneals performed 

were either isothermal or isochronal as described in Chapter 4. 

In all cases, fresh samples were used and the anneals were not 
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cumulative. The results o£ structural and compositional changes 

of annealed films are given in the following paragraphs. 

5.3.1 composition of Annealed Films 

Chemical characterization of annealed control samples was 

performed by AES and RBS techniques, described in Chapter 4. The 

resulting spectra were analyzed to determine the following. 

First, the impurity profiles and compositional changes as a 

function of annealing parameters. Second, the possible interfa

cial reaction between the metallic films and the substrate 

during the anneal process. 

All films used in this part of the study were deposited 

with the same conditions. Boron doped, <111> oriented silicon 

substrate were cleaned with the standard IC cleaning procedure 

(Fordemwalt, 1983). 2000 A of low pressure CVD polysilicon (N

type doped and undoped) were deposited on some of selected 

wafers. Mo films were deposited at 300 C with deposition rate of 

about 200 A/min in N2 ambient of 500 cc/min. The W films were 

deposited at 350 C with deposition rate of about 250 A/min with 

N2 flow rate of 400 cc/min. The hexacarbonyl partial pressures 

of 150 and 200 mTorr were used for Mo and W films, respectively. 

A matrix of anneal parameters was performed ranging from 500-900 

C for 5 to 90 minutes. 

Figures 5.10a and b show the result of AES analyses (in 

atomic percent) of the Mo and W films, respectively, as a 

function of anneal temperature for a duration of 10 minutes in 
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forming gas. As shown, a major portion of the co-deposited C and 

o impurities were removed from the films such that the composi

tion of completely annealed films is (M=93, 0=4, C=3) for Mo and 

W films annealed at 700 C and 800 C, respectively. The total C+o 

impurity level is higher in W than Mo partially annealed films 

for the same anneal temperature. For Mo films, C impurity level 

is higher than 0 impurity level at lower temperature range where 

as 0 impurity level is almost twice that of C impurity level in 

partially annealed W films. It should be noted that only the 

as-deposited and completely annealed sample exhibited flat AES 

depth profiles, indicating a homogeneous composition of the film 

with depth. Here, complete anneal is defined ·as accomplished 

when any greater time-temperature product produces no additional 

change. 

Figures S.lla and b demonstrate annealing behavior of Mo 

and W films, annealed at 700 C in forming gas, as a function of 

anneal time. From these plots it follows that 30 minutes anneal 

duration is required for W films to obtain impurity levels 

comparable to those in 10 minute-annealed Mo films. For Mo films, 

o and C impurity concentrations decrease proportionally to a 

total value of about 7 atomic percent for 10 minutes of annealing 

in forming gas at 700 C. However, similar samples of Mo films 

were annealed at 600 C up to duration of 60 minutes and still 

contained higher amounts of C (12+/-2 atomic percent). For W 

films, Figures S.lOa and S.llb indicate that the anneals from 10 

minutes at 800 C to 30 minutes at 700 C are capable of producing 



100 r-------------_ 

90 

-~80 -f
Z 
W 
U 
0:: 70 • w 
a.. 
u 
:E 
°20 
~ 

10 

Mo 

.~------.-------. 

o 0-------.,-------0 A A A 
c 

o ~--~--~------~------~~ 
As 5 10 20 30 

deposited 
ANNEALING TIME (minutes) 

Figure S.lla AES Composition of Mo Film Annealed 
in H2/N2 at 700 C as a Function of 
Anneal Time. 

97 



J 

100 ,.......-------------, 

90 

-~ 80 -

--
10 l -. 

~.-------6-------% c 
a ~------~------~------~~ 

As 10 20 30 
deposited 

ANNEALING TIME (minutes) 

Figure S.llb AES Composition of W Film Annealed 
in H2/N2 at 700 C as a Function of 
Anneal Time. 

98 



99 

W films which contain a minimum of 3 atomic percent 0 impurity. 

It should be also noted that partially annealed films contain a 

nonuniform distribution of impurities with depth. 

The final characterizations of annealing behavior of Mo 

and W films were done in two inert ambients, nitrogen and argon. 

As mentioned in Chapter 4, traces of moisture in the gas ambient 

during anneal cycles of unprotected Mo and W thin films will 

result in internal oxidation of the films. To remedy this problem 

the anneal furnace was purged with high volume of nitrogen or 

argon gas for two hours and the deposited films were cleaned and 

spin dried completely with warm N2 before loading them into the 

furnace. The resulting composition of these films exhibited the 

same temperature dependency as those films which were annealed in 

forming gas. However, a minimum of 45 minutes at 700 C and 800 C 

was required for Mo and W films, respectively, to obtain an 

impurity level comparable to those annealed in forming gas 

ambient. These results prove the practical utility of using 

forming gas ambient (reducing ambient) to prevent oxidation of 

the Mo and W surface during annealing. 

Rutherford backscattering spectra of Mo and W films 

annealed at 700 C and 800 C, respectively, in forming gas ambient 

for duration of 10 minutes are presented in Figure 5.12. The RBS 

spectra do not show any visible signal for carbon or oxygen 

impurities in the bulk of thin films. Since different channel 

numbers (backscattered energies) correspond to the differences in 

penetration depth into the film, uniform composition with film 
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thickness is observed. It should be noted that the slight tilt 

of the film peak toward the surface edge is the representative of 

quadratic dependence of the backscattered ions on the incident 

ion energy. Also these RBS spectra show the thermal stability of 

the films with the silicon substrate at their respective anneal

ing temperatures. No silicon transport into the Mo or W film is 

observed. 

Since the reaction between the films and silicon substr

ate, silicide formation, degrades electrical conductivity and 

adversely affects adhesion of the films, the thermal stability of 

W/Si intefaces was studied. Layer resistivity measurements ~ere 

used as a rapid and convenient initial indicator of changes in 

phase of the metallic films as a result of thermal treatment and 

silicide formation. For W films annealed up to 900 C in both 

reducing and non-reducing ambients no resistivity changes 

occured. However, the onset of silicidation for Mo films occured 

at 800 C and duration of S minutes. RBS spectra for this sample, 

Figure S.13a, indicate significant differences from the Mo film 

annealed at 700 C shown in Figure S.12a. The yield for the Mo 

peak decreased from 4300 backscattered particles counts per 

channel in Figure S.12a to about 1600 counts per channel for the 

silicided film in Figure S.13a. Also the width of the tungsten 

peak increased. The high energy edge of the silicon peak has 

shifted to a higher channel number indicating that silicon atoms 

from the substrate migrated from the Mo/Si interface to the Mo 

film surface. The stoichiometry of the silicided film is Mo Si 
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2.7+/-.2 and x-ray diffraction measurements showed the line 

characteristic of hexagonal molybdenum silicide phasev 

5.3.2 structure of Annealed Films 

The surface morphology of ·the films was observed using 

scanning electron microscopy. The SEM studies of the samples, 

with resolution at about 400 A, revealed that, after annealing, 

the films became polycrystalline. Figure 5.l3b is the electron 

micrograph of Mo films annealed for 30 minutes at 700 C in 

forming gas ambient. From the micrograph it is apparent that the 

Mo film contained many grains of all possible orientations and 

with well defined boundaries separating them. Approximately 70 

to 80 percent of the grains have sizes in the range of 1800-2200 

A with the remaining grains being significantly larger (about 

5000 A). For W films, the average grain size of 2000 A was 

observed when annealed at 800 C in forming gas ambient for 10 

minutes. Similar grain orientation with well defined boundaries 

separating them was also apparent for W films. However, the 

surface of W films was somewhat rougher than a typical Mo films 

annealed under similar conditions. 

X-ray diffraction studies of the samples revealed that 

polycrystallization of the films occured after post-deposition 

heat treatment. After annealing t~e Mo/Si samples at temperature 

of 500 C and higher (below 650 C) diffraction lines appeared that 

could be identified as face center cubic (fcc) M02C (powder 

diffraction file card 15-0457). At 550 C diffraction lines 
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appeared that could be identified as hcp Mo. After longer 

annealing at 650 C diffraction lines characteristic of bcc Mo 

appeared (PDF 04-0809). Accompanying the appearance and growth 

of these lines was a decrease of M02C line intensities. After 10 

minutes annealing at 700 C, the bcc Mo lines intensities became 

constant and no detectable line characteristic of M02C was 

observed, indicating that the phase transformation was complete. 

For W films annealed at 500 C in forming gas ambient diffraction 

lines appeared with characteristic of W02 (PDF card 24-0747 and 

20-1323). After longer annealing time bcc W lines (PDF card 04-

0806) started to appear. Increasing the anneal temperature up to 

700 C resulted in continuous growth of bcc W line intensities. 

For longer annealing time up to 30 minutes, at 700 C, the 

diffraction line intensities of bcc W became constant. However, 

accompanying the growth of these lines was a decrease and finally 

disappearance of the tungsten oxide lines. It should be noted 

that in the entire annealing process of W films no W2C was 

detected, or for that matter any other tungsten carbide phase, 

through temperature scan from 500 to 800 C and up to 30 minutes 

duration. Figure 5.14 plots the x-ray diffraction spectra for 

body center cubic phases of Mo and W films annealed at 700 C and 

800 C, respectively, in forming gas ambient for 10 minutes. 

The onset of metallic phase crystallization occured at 

650 C and 500 C for Mo and W films. An increase in annealing 

temperature or time heightened the intensity of the diffraction 

peaks and reduced their width which indicates that the degree of 
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crystallization became greater. The growth of CVD Mo and W films 

do not show any specific preferred orientation. The relative 

intensities of the diffraction peaks increased proportionally 

with increasing temperatures up to 750 C and 800 C for Mo and W, 

respectively. This observation indicates that overall microcrys

tallization growth in the films occured with no preferred 

orientation predominating the process. 

5.3.3 Resistivity of Annealed Films 

Four point probe measurements were used to measure sheet 

resistance from which layer resistivity was calculated using the 

measured film thickness. Figures 5.15a and b show the change in 

the resistivity of Mo and W samples annealed for 30 minutes at 

550 to 700 C and 600-800 C, respectively. It can be seen that 

post-deposition heat treatments of the thin films in forming gas 

above 550 C for 10 minutes significantly decreased the resist

ivity as indicated in these Figures. For Mo films annealed at 

550 C in forming gas for 10 minutes, the resistivity dropped 

from 250 to 70 microohm-cm. This value is within the range of 

M02C resistivity [Campbell and Sherwood, 1967], and stays fairly 

constant with further increase of the anneal time. Indeed, X-ray 

diffraction patterns have identified this material as a matrix of 

M02C and Mo. Further increase of temperatures caused the rearra

ngement of the metastable hcp phase, which is a high resistivity 

phase, into bcc Mo structure. The lowest resistivity achieved 

for Mo films was the 9.3 microohm-cm that corresponds to sheet 
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resistance of 0.31 ohm per square for 3000 A film thickness. 

Although the resultant resistivity is about 80 percent higher 

than Mo bulk value, the sheet resistance obtained is an improve

ment of two orders of magnitude or better over that of highly 

doped polysilicon. W films showed the same annealing behavior as 

Mo films, but required a higher temperature. W film resistivity 

fell off from the value of 340 microohm-cm to about 50 microohm

cm after 10 minutes of annealing at 600 C in forming gas. 

Further increase of anneal temperature to 700 C converted 

the metastable fcc structure of tungsten to that of bcc structure 

by outdiffusion of oxygen impurities. The lowest W film resisti

vity obtained was about 12 microohm-cm, which required annealing 

temperature of 800 C and a minimum 10 minutes annealing. For the 

3000 A average film thickness used in this work, the sheet 

resistance of 0.4 ohm per square was obtained for W films. This 

value is one order of magnitude lower than those obtained from 

WSi2 and about two orders of magnitude lower than highly phospho

rous doped poly-silicon. The values of bulk resistivities for Mo 

and Ware also shown for comparison. 

Annealing in an inert ambient, N2 or Argon, showed 

similar resistivity values to those of forming gas annealed 

films. At lower temperatures however, longer anneal duration was 

required. 

5.3.4 stress Related properties of the Films 

It is well known that all the refractory metal films 
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possess very high stress. The residual stress in Mo and W films 

was measured using an optical lever technique, which reliably 

measures stress levels in thin films with an accuracy of approxi 

mately 10 MFa [A.K. Sinha et al, 1978]. The residual stresses 

measured by this method at room temperature were tensile as 

follow. For Mo films, t~nsile stresses with values ranged 

from 3X109 to 8X109 dynes/cm2 were found for as-deposited and 

annealed films up to 600 C. Further annealing decreased the 

tensile stress value to about 5xl09 dynes/cm2• This type of 

intrinsic stress relief has been observed for evaporated Mo films 

[Holmwood and Glang, 1965]. 

W films, however, were found to be under rather higher 

tensile stress ranging from 7xl09 dynes/cm2 to 1.1x10l0 dynes/cm2 

for as-deposited and annealed film at 700 C, respectively. 

Further increase of annealing temperature or time did not change 

the stress levels in W films. This illustrates that although it 

is true that tungsten has a thermal expansion coefficient closest 

to that of silicon (see table 1 in Chapter 2) it is not this 

parameter alone which determines residual stress in a thin film. 

The higher strength of tungsten, compared to aluminum for 

example, must among other things be also considered [Paine et 

ale , 1985]. Since W has a very high yield strength it can 

support higher stress levels than Mo films. 

As-deposited films are amorphous, as mentioned before, 

and high temperature heat treatment is required for their 

crystallization. By definition, the as-deposited films are 
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therefore less dense than crystalline counterparts and film 

shrinkaqe is expected durinq their annealinq cycles. One source 

of residual stress in the films is the larqe net volume shrinkage 

of the film. The thicknesses of patterned Mo and W films on 

silicon substrate were measured on the same location before and 

after heat treatments. The difference between unannealed and 

annealed film thickness normalized to the unannealed film 

thickness is taken as a measure of the relative shrinkage of the 

film in percent. This measure of shrinkage was found to vary 

linearly from about 5 percent to 8 percent, corresponding to 

anneal temperatures from 500 e to 700 e for Mo and W films. 

~f the tensile stress values observed in the thin films 

are above the fracture threshold of the films, cracking or 

peeling will occur which result in the total loss of film 

adhesion. Although the combination of poor chemical bonding, low 

nucleation density, and high tensile intrinsic stress results in 

a non-adherent film [Woodruff et ale 1985J, the deposition method 

and particular surface chemistry may indeed provide strong 

chemical bondinq adequate for good adherence. Thin films of Mo 

and W prepared by evo method were deposited onto single-crystal

line silicon and graphite substrates as well as thin films of 

poly-sil~con, Si02 , and Si3N4 on silicon. The film thickness 

ranged from 100 A to 5000 A. These films were then exposed to all 

the adhesion-critical processing steps encountered during 

integrated-circuit fabrication without any observable degradation 

of their adhesion. 
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Finally, Figure 5.16 shows the step coverage of 3000 A 

thick W film deposited perpendicularly over an oxide step of one 

micrometer. It can be seen that excellent step coverage of 

better than 95 percent was obtained when tungsten was deposited 

onto anisotropically etched sidewalls of Si02• This conformal 

step coverage is due to surface activated nature of CVD reaction 

and it is considered to be one of the main advantages of CVD 

films over these prepared by physical vapor deposition. 

5.4 Thermal oxidation of Silicide Films 

As mentioned previously, the studies of Mo and W metals 

having low resistivity, in the order of about 10 microohm-cm, 

were made to replace Poly-si as an interconnect in VLSI techno

logy. In such applications, it is necessary also to develop 

techniques for covering the conductor with an insulating layer of 

good quality, so as to enable the use of over crossing conductors 

in subsequent layers. One disadvantage of the refractory metals 

is their poor oxidation resistance. Since their oxides are 

volatile at high temperatures, surface passivation schemes 

usually involve deposited dielectric at low temperature (i.e. at 

450 C). On the other hand, the silicides can generally form a 

high-quality protective oxide [Chow et ale , 1981; Murarka et 

ale , 1980], resulting in a self-passivation structure. The CVD 

process of formation of MoSi2 and WSi2 from the disproportion

ation reaction between SiH4 and their respective carbonyls has 

been previously described [Hey, 1984]. Thus, it is possible to 
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use carbonyl sources and integrate the process such that arefrac

tory metal with an overcoat of its own silicide, in situ, is 

deposited. 

The result is a self-aligned Metal-Oxide-Semiconductor 

(MOS) electrode structure which has both the high conductivity of 

the metal and the oxidation resistance of the silicide. Further, 

the ability of these silicides to form continuous electrically 

insulating oxides makes them particularly desirable for such 

applications. Understanding the properties of the oxide layers 

grown on these silicides and the mechanisms of oxide formation 

immediately becomes important. In this section, the result of 

thermal oxidation of MoSi2 and WSi2, both on single-crystalline 

silicon and on Si02 substrates, in dry 02 and steam ambient is 

given. Then, multi-layer structures of silicide/metal/Si02/Si 

are studied for both Mo and W films. 

5.4.1 Silicide Deposition and Annealing 

The optimum range of deposition parameters are listed in 

Table 4.2b. Generally the deposition temperature for silicide 

formation from SiH4 and carbonyls is lower than the formation of 

elemental Mo or W. By variation of gas phase composition a 

relatively wide range of nonstoichiometric films can be produced. 

The as-deposited Mosi2 and WSi2 are amorphous and need a high 

temperature anneal for homogenization and crystallization to 

achieve a stabilized low-resistivity state. Their anneal behavior 

is similar to that of metals, Figure 5.17, and the standard 
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anneal procedures described in Chapter 4 were used throughout 

this work. As deposited sheet resistivity is in the range of 60 

ohm/square for WSi2 and 70 ohm/square for MoSi2• Annealing for 

100 minutes at 900 C in forming gas lowers the initial 60-70 

ohm/square sheet resistance to about 2 ohm/square. 

It should be noted here that although the resulting 

sheet resistivities of silicide films are one order of magnitude 

higher than their metalic counterparts, silicides offer much 

lower sheet resistances than Poly-si. The increase of resistivity 

of silicide over the metal is a trade off for their oxidation 

resistance given in the following sections. 

5.4.2 Preheating Prior to oxidation 

During the early stages of this part of the study, the 

effect of preheating the deposited films prior to oxidation was 

investigated. Two identical samples of W5i2/poly-Si/Si02 were 

annealed at 1000 C for 30 minutes. One sample was preheated for 

10 minutes in N2 ambient prior to the introduction of steam in 

the furnace, and the other was inserted directly into the steam. 

Both samples were then oxidized at 1000 C for 10 minutes. The 

resultant back scattering spectra indicated that, when directly 

inserted into the steam, the tungsten was distributed throughout 

the 5i02 film. The same result was observed for Mosi2 film, 

which indicated a mixture of 5i02 and MoO matrix was grown on the 

MoSi2 layer. Other researchers [Mohammadi et ale , 1979; Murark, 

1985] have observed the same phenomena in sputtered WSi2 and 
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TaSi2 films. This is due to preferential oxidation of Wand Mo 

leading to volatile oxide formation of W03 and Mo03 and their 

possible entrapment in the oxide matrix. 

5.4.3 Temperature Dependency of oxidation Process 

N-type silicon wafers with <100> orientation and 6 ohm-em 

resistivity were thermally oxidized, in a pyrogenic steam with 3 

percent HCl ambient, to grow 2000 A of Si02. WSi2 and MOSi2 

films were deposited on top of the Si02/Si <100> and Si <100> 

substrates. The films were about 3000 A thick and were deposited 

with the standard procedure described in Chapter 4. Then, the 

samples were cleaned and the last step in the cleaning of the 

samples was a 50 to 1 dilute HF dip to ensure the removal of 

residual Si02 • Annealing of the samples was done in a nitrogen 

atmosphere at a temperature of 1000 C for 30 minutes in accord

ance with the standard procedure described in chapter 4. 

The annealed films were then oxidized in two different 

ambients. The first group was oxidized in a dry 02 atmosphere 

and the second group was oxidized in steam with N2 as a carrier 

gas. The oxidations were carried out at temperatures from 900 to 

1100 C for periods from 5 to 30 minutes. After oxidation, strips 

of Si02 were removed by selective etching of Si02 in a 10 to 1 

dilute HF solution, and oxide thicknesses of grown oxides were 

measured by the step height method. 

Figures 5.l8a and b show the WSi2 oxide thickness as a 

function of time for WSi2/Si and WSi2/Si02/Si samples, respect iv-



-0« -

o o 

3000A 

104~------------------------------------~ --0--
-e-

Si (100) 
WSi2/Si (100) 

Figure 5.18a Thermal Oxide Thickness as a Function 
of Oxidation. Time for WSi

2
/Si Films 

in Steam. 

121 



-0« -(f) 
(f) 
lLJ 
Z 
~ 
U -:c 
I-
lLJ 

, .... --0 o 

° ° 1000A 3000A 

104~------------------------------------~ 
--0-- Si (100) 
-8- WSi2/Si02/Si (100) .. 1I00 oC 

~ ~~ 

.......... ~/ 
,..0 .......... '/ ~ 10000C 

..... /~ ..... !./:" ..... -

~..... 0/:/8"" /900
o
C ~O ° ".1:) / ...... ' / " / 

....... 0" 0 

o 103 -

IIOO/.~/ .......... " // 
1000........ , /' . / 

900""'" / 
X / o / 

/ 

5XI02~----~'------~'~----'~~----~'~------~'----~ 
I 2 5 10 20 50 102 

OXIDATION TIME (minutes) 

Figure S.18b Thermal Oxide Thickness as a Function 
of Oxidation Time for WSi 2!Si02!Si 
Films in Stearn. 

122 



123 

ely. For comparison the oxide thickness grown on single crystal 

substrates is also plotted. It should be noted that WSi2/Si 

behaves more l.ike the single-crystal Si than the WSi2/Si02/Si 

samples. Several features of Figure 5.l8a are important. First 

of all, at higher temperatures or time wSi2-oxide growth is the 

same as single crystaline silicon. At lower oxidation time and 

temperature WSi2-oxide grows faster than that of single-Si 

substrate. Secondly, below 900 C no Si02 growth was observed in 

steam atmosphere. Similar results are obtained for MoSi2 films, 

but generally surface roughness was observed with these films, 

whereas WSi2 films show no surface morphology roughness. Figure 

5.l8b shows that at lower temperature, oxidation growth of WSi2-

oxide is higher than single-Si but at higher temperature the 

growth is lower in WSi2-oxide. For a longer period of oxidation 

(>20min.) WSi2-oxide grows faster at lower oxidation temperatures 

«1000 C) but single-Si oxide growth is faster at higher tempera

ture and time. The kinetics of oxidation are much different for 

the two structures because of the availability of silicon source 

in WSi2/Si structure as opposed to WSi2/Si02/Si system as will be 

discussed in Chapter 6. 

The oxidation of WSi2/Si and WSi2/Si02/Si films in dry 02 

ambient resulted in a layer of yellowish powder appearing at the 

surface. The surface was very rough as shown in Figure 5.19 

observed with SEM. X-ray diffraction analysis showed after 

oxidation of WSi2 in dry 02 ambient, Si02 and WOJ are simultaneo

usly present. 



Figure 5 . 19 SEM Micrograph of wsi
2 

Surfac e 
Roughness , Due to Volatile wo

3 Formation . 

1 24 



125 

5.5 Characteristics of W-Gate Devices 

Refractory metal-oxide interface properties are best 

determined by MOS capacitance-voltage measurements. The stability 

of W/Si02 interface and the effect of W-gate annealing on the 

behavior of MOS capacitors were studied. 

MOS structures were fabricated on single-crystal n-type 

silicon wafers, with a <100> orientation and 4 to 6 ohm-cm 

resistivity. The gate oxide thickness was varied ranging from 

500 to 3000 A. oxidation times were varied at 1000 C in steam, 

plus 3 percent HCl, to obtain these oxide thicknesses. After 

oxidation, the wafers were annealed in nitrogen at 1000 C for 30 

minutes to ensure the same Qss value. A 3000 A layer of W was 

deposited on all samples in the same run in order to eliminate 

any process parameter effect. Photolithography defined the gates 

by using positive resist and alkaline ferricyanide solution at 

room temperature. Some controlled samples were also etched to 

pattern the W-gates using a parallel-plate plasma reactor with 

SF6 gas. After passivating with low temperature CVD oxide 

samples were then annealed at 800 C in a reducing ambient for 30 

minutes. A 7000 A layer of aluminum was deposited on the back 

surfaces, after backside oxide removal, to obtain good ohmic 

contact. The wafers were then annealed in forming gas (10% H2-

90% N2) at 450 C for 10 minutes. 

The mobile impurity ions in thermal gate oxide were the 

first charges to be investigated, because further studies cannot 
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be conducted until the mobile impurity level in the Si02 system 

is minimized. Bias-stress C-V [Nicollian and Brews, 1982J 

measurements showed the presence of negligible mo~ile ion 

contamination. Figure 5.20 shows the results of high and low 

frequency C-V measurements on the capacitor with about 1000 A 

gate oxide. As shown, the density of surface states is minimal. 

This is a unique feature of LPCVD technique where no energetic 

impact on wafers is involved, in contrast to PVD method. 

Flatband voltage VFB' and threshold VT were obtaind 

from the result of C-V measurements at frequency of 1 MHz on 

capacitors of various oxide thicknesses. 
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CHAPTER 6 

DISCUSSION OF RESULTS 

The experimental results catalogued in Chapter 5 demonst

rate that process variables such as deposition temperature, gas 

composition and pressure, and gas velocity can be used to control 

the properties of as-deposited thin films of molybdenum and 

tungsten. Deposition rate, growth uniformity and surface morpho

logy are dramatically influenced by deposition parameters. The 

electrical resistivity, microstructure, and composition, however, 

are strong functions of post-deposition heat treatment as well. 

These relationships and other pertinent factors are discussed in 

this chapter. 

6.1 Growth Rate-Limiting Process 

Chemical Vapor Deposition (CVD) processes are difficult 

to describe quantitatively because their physical mechanisms are 

complex. These processes usually consist of a number of consecu

tive stages. Quantitative regularities of the stages must be 

known for a description of the overall process. LPCVD deposit 

of Mo and W thin films from their respective hexacarbonyl vapors 

are heterogeneous reactions which are usually found to be 

comprised of the following discrete processes [Bryant, 1977]: 

(1) transport of reactant(s) to the substrate; (2) adsorption of 

128 
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reactant(s) on to the substrate surface: (3) chemical reaction on 

the surface (this could also include surface diffusion): (4) 

desorption of product gas(es) from the surface: and (5) transport 

of product gas(es) away from the substrate. The total process of 

CVD is generally assumed to consist of these steps occurring in 

the sequence 1 through 5, (except for the deposition of epitaxial 

films, where the rate of formation is governed by nucleation). 

This form of rate control is not discussed in this section 

because in our films, growth rather than nucleation is the rate

controlling process, as will be discussed in this chapter). The 

most essential stages of the process are mass transfer (s~ep 1 

and 5) and surface chemical reactions (steps 2, 3, and 4). 

In the course of the investigation rates of depositions 

were obtained for a range of variables such that these two 

macromechanisms (mass transport and surface reaction rate

limiting steps) were controlling processes. Figures 5.1 and 5.2 

show the results of investigation of the deposition rate depend

ence on temperature and flowrate. An essential point is that 

both dependences are non-linear. This feature corresponds 

to complication of the process, and deserves special discussion. 

As the deposition temperature is lowered below 450 C for 

Mo and 500 C for W, the deposition rate becomes smaller in spite 

of constant supply of source materials. Therefore, deposition is 

controlled by surface reaction. Several facts substantiate this 

conclusion. First, the deposition rate dependence on the amount 

of source material, Figures 5.2 a and b, reveals that Mo and W 
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growth rates are essentially constant with respect to their 

source partial pressure Pc for values greater than 80 and 100 

mTorr, respectively. Above these levels of source concentrations 

the rate of depositions for both Mo and Ware constant at 

deposition temperatures of 300 C and 350 C. Thus, the rate

limiting factor for Mo films deposited below 450. C with carbonyl 

'partial pressure of greater than 80 mTorr is the surface reaction 

process. The corresponding values of temperature and source 

partial pressure for W deposition to be surface reaction rate

limiting are 500 C and 100 mTorr, respectively. 

Figure 6.1 shows an Arrhenius-type plot of the tempera

ture dependence of the rate data for a typical set of conditions, 

as described above, for which the rate-limiting factor is the 

surface reaction process for both Mo and W films. Each plot 

shows two regions with different slopes intersecting at about 310 

C and 410 C for the Mo and W films, respectively. The region of 

high slopes corresponds to the temperature range at which 

carbonyl source decomposition is complete. Hence, the decomposi

tion of source molecules is the rate-limiting process which 

translates into the surface chemical reaction mode of growth. 

For Mo(Co)6 an activation energy of Ea= 18 Kcal/mole was calcul

ated, while the corresponding value for W(Co)6 is Ea= 21 Kcal/

mole. 

The low slope region of growth rate is due to incomplete 

decomposition of source vapor (molecules), lower available 

thermal energy from substrate surface, which results in slower 
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growth rate. The slope of the flow rate dependence curves, 

Figures 5.2 a and b, indicates the absence of homogeneous gas 

phase reactions. At sufficiently high reactant concentrations 

and temperatures, homogeneous gas phase nucleation occurred and 

the growth of a powder product was seen. This substantiates that 

the low slope region of Figure 6.1 corresponds to incomplete 

decomposition of source molecules, and low pyrolysis tempera

tures. 

Finally, gaseous diffusion of carbonyl vapor to the 

deposition surface becomes the rate-limiting step at higher 

temperatures. Figures 5.1 a and b show that the deposition rate 

levels off at about 500 C for both Mo and W films. Thus, as the 

temperature is raised, the r~te of the surface reaction (chemical 

decomposition) will increase as exp(-Ea/kT), while the rate of a 

gaseous diffusion will vary only as the T1/2 [Dushman, 1949]. 

Also in this later diffusion mechanism, diffusion of by-product 

CO molecules away from the same surface plays a contributing 

role. 

In summary, surface reaction rates for Mo and W depend 

mainly upon reactant concentration and deposition tempe~ature. 

For total deposition pressure of 500 mTorr and N2 flow rate of 

400 cc/min, Mo deposition is surface reaction rate-limited for 

deposition temperature lower than 450 C and carbonyl partial 

pressure higher than 80 mTorr. corresponding values for W 

deposition, to be in surface chemical reaction rate-limiting 

mode, are 500 C and 100 mTorr, respectively. otherwise the rates 
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of deposition of Mo and Ware controlled with the mass transfer 

macromechanism process. In this latter rate-limiting process, 

the mass transfer of gases involves their diffusion across the 

slowly moving boundary layer adjacent to the substrate surface 

[Kern and Schnable, 1979]. Furthermore, the thickness of this 

boundary layer and the diffusivity of gaseous molecules are the 

controlling parameters for the mass transfer process, as descri

bed in Section 2.4. 

6.1.1 Uniformity of Growth profile 

As mentioned in previous section, two basic macromechan

ism govern the deposition rate of Mo and W films: (1) rate of 

mass transfer of reactant gases to the substrate surface; and (2) 

rate of surface reaction of the reactant gases at the substrate 

surface. The uniformity of deposited films across a wafer (two 

and three inch wafers were used in this work) and along a load of 

substrates, in a single run, are the two process properties of 

utmost importance for which the deposition variables had to be 

optimized. Figure 5.3 shows typical variations in the observed 

growth rate with respect to the wafer position, with the input 

concentrations of carbonyl as parameter. At low input concentra

tions (lower than Pc=l50 mTorr for Mo and Wand Pc= 200 mTorr for 

W) a strong depletion is found, which gradually diminishes with 

increasing partial carbonyl pressures. Also, positioning the 

substrate vertically in stand-up fashion (in contrast with cold

wall cvo where the substrates are positioned horizontally side by 
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side) leads to nonuniformities in thickness· across the wafers, 

causing a build-up along the periphery of the substrates and 

thinner film deposition at the center of the substrates. To 

analyze this phenomenon, the model shown in Fiqure 6.2 is used. 

In this model, reactant molecules are mainly transported 

along the wall. This is expected to be laminar flow. From this 

main flow, reactant molecules (carbonyl molecules) which will 

later deposit on wafers are distributed into each wafer-to-wafer 

space (d-spacing) as turbulent flow. Consequently, the main flow 

dominates wafer-to-wafer thickness distribution, while the 

turbulent flow between wafers dominates on wafer distribution. 

As total pressure of the system is decreased, two siqnificant 

results occur. First, the main flow speed increases because the 

axial transport of reactants is governed by forced convection 

[Robinson, 1967], hence.influencing the growth profile across the 

boat. When the flow rate is slow, most of reactant molecules are 

consumed near the upstream part of the reaction tube and less 

reactant molecules are left for downstream portion of substrates. 

This gradual depletion of source concentration forces the 

transport macromechanism state to dominate the overall deposition 

process. 

Secondly, as total pressure decreases, this faster main 

flow distributes smaller amounts of reactant molecules to each 

wafer spacing, reducing the gas density in wafer-to-wafer space. 

The main gas flow maintains a nearly equal concentration of 

reactant molecules throughout the boat. Reduction of the gas 
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density increases the mean free path of the reactant molecules. 

In the space between wafers, a reaction occurs only when carbonyl 

molecules. collide with heated substrates. If the mean free path 

is relatively short, (a large d-spacing leads to turbulent flow, 

shortening the mean free path of gaseous molecules) most colli

sions occur near the periphery of the wafer. As the mean 

free path is lengthened, (higher flow speed and lower total 

chamber pressure) reactant molecules get distributed evenly 

across each wafer. 

Thus, the rate of axial transport by forced convection 

was made rapid relative to the rate of radial transport by 

,diffusion by decreasing the total pressure to 500 mTorr and total 

flow rate to 500 cc/min. since at these low pressure levels the 

diffusivities of molecular species are high (see Se~tion 2.4), 

Mass transfer becomes the rate-limiting factor leading to· 

nonuniformities across the wafer. By lowering the substrate 

temperature to 300 C for Mo and 350 C for Wand increasing the 

carbonyl concentration to Pc=150 mTorr for Mo and Pc=200 mTorr 

for W, the surface chemical reaction macromechanism dominates the 

overall rate process. 

In summary, a uniform coverage of a wafer was achieved by 

choosing process conditions such that, near the substrate, the 

diffusion by which the carbonyl molecules are transported to the 

growth surface proceeds much faster than the rate of their 

thermal decomposition (consumption) by the substrates. This 

relationship is substantiated by the corresponding low deposition 
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temperatures (300 C for Mo and 350 C for W) required, as shown in 

Figure 5.3. Thus, the deposition process is surface controlled 

and evenly heated surfaces decompose the carbonyl molecules at 

the same rate, hence a uniform growth rate is achieved. The 

uniformity of growth profile across the boat was achieved by 

keeping the total chamber pressure below 600 mTorr and the total 

flow rate above 500 cc/min. This condition produces laminer flow 

within the wafer-to-wafer spacing of 1/4 inch, obtained experime

ntally, and uniform distribution of carbonyl molecules across the 

boat. 

6.2 structure of Deposited Mo and W Films 

An understanding of the film structure/process relation

ships may be best approached from consideration of the mechan

isms of nucleation and growth which form the deposit in both CVD 

and PVD. A large body of theory has been developed [Hirth and 

Pound, 1963; Gertz, 1967] and substantial experimental verifica

tion has been obtained to relate the theory to vapor deposition 

for both methods. Generally, the term nucleation refers to the 

process by which critical-sized clusters (called critical nuclei) 

of atoms, adsorbed on the substrate, gain an atom and thereby 

become supercritical. The importance of the critical nucleus is 

that the growth of cluste~s of this size or larger is energeti

cally favorable, whereas the growth of clusters of smaller size 

is not. As supercritical clusters grow, they unite with others 

to form a macroscopic continous deposit. Nucleation is particu-
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larly important in cases where the degree of supersaturation (the 

chemical driving force) is relatively small. In this type of 

situation nucleation may become rate controlling. 

In this study, the as-deposited Mo and W films were 

amorphous with very fine-grained structure «1000 A) as viewed at 

80,000 magnification. They also showed no lines that could be 

identified with the corresponding metal element (when deposited 

under the condition to achieve the maximum growth uniformity as 

discusssed in previous chapter). Increasing the deposition 

temperature to 450 C did not result in any structural changes for 

as-deposited Mo and W films. According to the Blocher model 

(1974), as the substrate temperature is raised the microstructure 

changes through the consecutive stages from amorphous deposit to 

epitaxal growth as shown in Figure 6.3a for physical vapor 

deposition. Figure 6.3b shows the structural changes in the Mo 

and W films with respect to deposition temperature. As shown, 

increasing substrate temperature increases the supersaturation, 

but the inverse relation holds for physical vapor deposition. 

Since the thermal decomposition of carbonyl sources is an 

endothermic process, therefore the pressure of reactants adjacent 

to the substrate is much higher than values in equilibrium with 

substrate. Hence, the degree of supersaturation increases with 

increasing deposition temperature. The gas pressure adjacent to 

substrate is the result of a carbonyl molecules undergoing a 

reaction at the substrate, and liberating CO molecules of high 

vapor pressure. 
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At sufficiently high reactant concentration (required for 

growth profile uniformity) and substrate temperature (450 C), the 

frequency of molecular collisions within the gas phase is great 

enough to cause homogenous nucleation and the growth of powder 

product. It should be mentioned that Mo and W films were 

deposited in the hot-wall reactors, where the gas temperature is 

almost the same as substrate temperature within the deposition 

zone. At these high temperatures (450 C) the decomposition of 

carbonyl molecules is complete and for every molecule of carbonyl 

source material almost 6 molecules of carbon monoxide (CO) is 

liberated. This would lead to more intense supersaturation 

conditions and hence to further deterioration of the deposits. 

In summa,ry, the Mo and W deposited at low temperature 

produced a randomly-oriented, fine-grained structure. This can 

be explained by the fact that at these low temperatures the 

surface mobility of adsorbed atoms is low. Thus they tend to 

stay at their adsorption site and thereby avoid moving to more 

energetically favorable sites where nucleation could occur. At 

higher temperatures (450 c) homogenous gas phase nucleation leads 

to a powdery deposit due to the nature of the hot-wall reactor. 

6.3 Film Resistivity 

The resistivity of the Mo and W metal films, which is of 

paramount importance to interconnections for VLSI, was investiga

ted. The extensive resistivity data compiled from the Mo and W 

films suggest that the composition, grain size, and crystal 
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structure are the most important factors influencing the resist

ivity of the films. The major results to be analyzed are: (1) 

the dramatic dependence of film resistivity on deposition 

conditions; (2) the change of resistivity as a function of post

deposition heat treatment; and (3) that even under the best 

conditions, a mean film resistivity of 9.3 microohm-cm was 

measured for Mo and 12 microohm-cm for W, which exceeds their 

corresponding bulk values (see table 2.1) by factors 1.8 and 2.3, 

respectively. 

The resistivity of a thin metal film is given by the 

Matherson's Law (Maissel, 1970) as 

P = PT + Pr 
(6.1) 

where PT is the intrinsic temperature dependent term and varies 

linearly with temperature above 25 C. contributions to this 

intrinsic term for transition metals arise from electron-electron 

and electron-phonon scattering and are not related to the central 

focus of this discussion. The temperature independent or residual 

resistivity term p can be associated with the presence of 
r 

defects which disturb the periodicity of the metallic lattice. 

This can be caused by surface scattering, impurities, lattice 

imperfections (vacancies, dislocations, and stacking faults), and 

grain boundaries. The dependency of P on these scattering 
r 

centers varies widely in magnitude. In the follwing sUbsections 

the incorporation of these imperfections within the Mo and W 
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6.3.1 The Resistivity of As-Deposited Films 
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The major process functional determinants of resistivity 

for as-deposited films were identified as: (1) the deposition 

temperature; (2) carrier gas reactivity; and (3) deposition rate. 

The chemical and physical characterization results also showed 

many similarities between Mo and W films with respect to the 

above process conditions. Therefore in this section the notation 

M is used for both metal, Mo and W, films and their differences 

are pointed out whenever it is necessary. 

The room temperature electrical resistivity of as

deposited films, Figure 5.4, decreases monotonically with 

increasing deposition temperature. Auger electron spectroscopy 

(AES) indicated, Figure 5.7 and 5.8, that the co-deposited 0 and 

C also decreases monotonically with deposition temperature. 

Therefore, the high resistivity of as-deposited films are due to 

the incorpation of 0 and C impurities into the metal structure. 

In temperature range 200-350 C, the decomposition of carbonyl 

molecules is not complete, due to insufficient available thermal 

energy, and there are considerable amounts of intermediate 

pyrolysis products of metal carbonyls. As a result of their 

incomplete desorption from the surface of the substrates, the~e 

products remain in the metal and are responsible for the high C 

and 0 concentrations. Since the concentrations of both C and 0 

decrease with deposition temperature this demonstrates that 
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intermediate pyrolysis products of MOxCy are indeed responsible 

for the level of co-deposited impurities. The secondary carbon 

monoxide decomposition reaction of 

2CO(g) ------ C(s) + C02 (6.2) 

has sometimes been assumed to be the source of carbon in the 

deposited metal [Lander and Germer, 1948]. While reaction (6.2) 

is thermodynamically favorable at low temperatures with F500=20.2 

Kcal/g-mole [Wicks and Block, 1961] the data obtained in this 

work indicates that this reaction is only a minor source of 

carbon at temperatures lower than 400 C. Several facts substan

tiate this conclusion. First, AES analysis of the films,Figures 

5.7 and 5.8, shows that the concentration of oxygen is higher 

than that of carbon for N2-ambient deposits. The reaction (6.2) 

could account for appreciable C impurity content only if deposits 

were formed in the presence of a reducing ambient. Further, x
ray diffraction showed the definite presence of tungsten dioxide, 

and no tungsten carbide was detected. For deposition temperature 

above 450 C the resistivity of as-deposited films levels off at 

the value of 50 microohm-cm, and carbon impurity concentration of 

only 3 atomic percent was measured with AES, Figure 5.7a and 

5.8b. However, the oxygen impurity levels were at about 12 atomic 

percent for N2-ambient deposits. A possible source of impurities 

may be the disproportionation of CO with growing metal films 
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2CO(g) + W(s) ------ W02 + 2C(s) (6.3) 

This reaction is thermodynamically even more favorable, F500=-42 

Kcal/g-mole, than reaction (6.2). Thus, this reaction could 

account for C impurities at higher temperatures whereas the 

incomplete desorption of intermediate products MOxCy from the 

surface of the wafers is responsible for low-temperature 

inclusion of impurities. Finally, the deposition of Mo and W in 

the reduced ambient resulted in higher concentration of C and 

lower concentration of ° in the films. The reducing nature of H2 

also reduces the liberated molcules according to 

CO(g) + H2(g) ------ C(g) + H20(g) (6.4) 

As a result, higher electrical resisitivity was observed, Figure 

5.4, when deposition was done at low temperature «400 C) and H2 

was used as carrier gas. 

AES analysis indicated the following composition, which 

was uniform with depth in the film, (Mo=76, 0=13, C=11 atomic 

percent) for Mo deposited at 300 C with N2 as carrier gas and 

(W=77 , 0=14, C=9 atomic percent) for W films deposited at 350 C 

with N2 ambient. These data predicts MOxCy ' with x+y=1/3 (where 

M=Mo or W). These co-deposited impurities are distributed 

throughout the grains and partially collected in the intergra

nular regions of the films. The addition of several atomic 

percent of C, 0, or N to a transition metal can cause from 
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moderate to dramatic changes in the band structure of the metal 

by stabilizing the metallic lattice in a unnatural metastable 

crystal structure (i.e. polymorphic structures have been observed 

for : Al, V, Ni, Fe, Ta, Nb, Mo, and W by Marcus and Quigley 

(1968). 

The distribution of impurities through out the grains 

will affect the resisitivity of the films by inducing the 

following processes: (1) scattering of metallic electrons; (2) 

bonding of metallic electrons; (3) stabilization of anomalous 

crystal structrues. The following comments affirm that these 

processes can occur in the films (Mo and W). The high chemical 

reactivity of metals for C and 0 [storms, 1967] and experimen

tally observation of 25percent C+O by AES. Atomic percent this 

large can lead to the formation of, oxygen 2p bands within the Mo 

bands [Alder, 1968]. As mentioned in Chapter 5, the structures 

of partially annealed films Mo and W were examined and hcp was 

observed for Mo films. Also fcc structure was observed for W, 

which was converted to bcc after annealing. 

The collection of O+C impurities in the intergranular 

regions of Mo and W films can enhance grain boundary scattering 

according to a theory by Maysdas and Shatzkes, (1970). Ifenough 

impurities are present at a grain boundary, a second phase, such 

as the metal oxide or carbide, may form between the grains. 

Further, this second phase can occupy 20 to 30 percent of the 

intergranular space. Indeed, W02 and M02C were observed for as

deposited films at about 400 C by X-ray studies. Also the as-
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deposited films were shown to be amorphous or fine qrained. 

In summary, as-deposited films are amorphous or fine

qrained with associated resistivities of 250 microohm-cm for Mo 

deposited at 300 C and about 340 microohm-cm for W deposited at 

350 C. As deposition temperature increases resisitivity falls 

off ~apidly due to precipitations of ° and C, such that w02 and 

M02C are formed, as detected by X-ray diffraction studies. such 

precipitates have a deleterious effect on'resistivity in two 

ways: (1) they are scatterinq centers for the charqe carriers; 

(2) and they tend to prevent, or at least retard the annealinq 

out of various crystalline defects which are also scatterinq 

centers. However, by themselves, impurities in solution are more 

effective scatterers than precipitates. 

This phenomenon is demonstrated by hiqher resistivity 

values for lower deposition temperatures. Since the heat of 

formation for various oxides of W is hiqher than that for Mo, the 

w02 precipitate is hiqhly likely to occur in W films, because of 

the hiqh chemical drivinq force. The source of impurity inclu

sion in the deposits at low temperatures «400 C) is associated 

with incomplete decomposition of the carbonyl molecules, whereas 

at hiqher deposition temperature (>400 C) the disproportionation 

of carbon monoxide by the qrowinq metal film is probable source 

of the co-deposited impurities. 

Finally, the impurities are distributed throuqhout the 

qrains as interstitial elements for low deposition temperatures 

«300 C). At hiqher temperature they are collected in the 
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intergranular regions of the films by percipitation in the form 

of oxides in W films and carbides in Mo films. 

6.3.2 Resistivity of Annealed-Films 

Annealing causes the resistivity of deposited Mo and W 

films to fall rapidly to values of 9.3 and 12 microohm-cm 

respectively. AES compositional analysis, Figure 5.l0a and b, 

shows the rapid decrease of 0 and C impurities to about total 

value of 7 atomic percent for 10 minutes of annealing at 700 C 

for Mo and 800 C for W films. X-ray diffraction lines, Figure 

5.14, showed the rapid change in resistivity, Figure 5.15, at 

about 650 C for Mo and 700 C for W is the result of crystalliza

tion of the films to final bcc phase for both Mo and W. The 

crystallization starts at about 550 C and, as the X-ray diffrac

tion studies indicated, the phase transformation of hcp Mo at 550 

C to final bcc is complete at 700 C. The transformation of fcc 

phase to final bcc for W films occur between the temperatures of 

550 C to 750 C. Comparison of Figures 5.11 and 5.15 shows that 

at anyone of the annealing temperatures (>550 C), the resist

ivity decreases rapidly, within 5 minutes, to a level close 

to the minimum achievable at that temperature. This is due to 

the reduction of 25 atomic percent o+C values to final concentra

tion of about 7 atomic percent o+C values. Whereas, continued 

heat-treatment at the same temperature has only marginal effects 

on the resistivity. This has been observed with films whether 

deposited by PVD [Tsai et ale , 1981] or CVD [Lehrer and Pierce, 
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1981]. The slow decrease in resistivity which results from 

prolonged annealing is attributed to an increase in grain size. 

The average grain size of 2000-2500 A is observed by SEM, Figure 

5.13b, for Mo films annealed at 700 C in a reducing ambient for 

30 minutes. The corresponding values of time and temperature for 

W films are 10 minutes and 800 C. Thus, the small grain size of 

as-deposited films, smaller than 500 A, must be a contributing 

factor to the resistivity of as-deposited films. The X-ray 

diffraction lines breadth at each diffraction peak decreased with 

annealing temperature above 550 C, which indicates the grain 

growth already observed by SEM. The increase of line intensities 

corresponding to bcc phase of the metallic films starts with the 

decrease in those of Mo02 and W02. 

In summary, after a complete anneal cycle, as described 

in Chapter 5, all the films were polycrYstalline with final bcc 

metal structure. The grain growth was observed and the impurity 

level reached the maximum value of 7 atomic percent for total 

concentrations of impurities. Resistivity decreased to a value 

of 9.3 and 12 microohm-cm for Mo and W, which corresponds to 0.4 

ohm per square sheet resistance for the average 3000 A film 

thickness. These values of resistivities, although higher than 

their correspounding bulk values, are about two orders of 

magnitude lower than heavily doped poly-silicon. Considering the 

high melting point of Mo and W (see Table 2.1) it is conceivable 

that annealing at temperatures in the range 700-800 C does not 

anneal out all the lattice defects within the films. Thus, the 
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higher resistivities of annealed thin films with respect to bulk 

values are contributed to lattice imperfection, total of 7 atomic 

percent impurties, and possible grain boundary scattering effect. 

The resistivities of completely annealed films were independent 

of the film thickness for values greater than about 1200 A. This 

indicates that the increase of resistivity below 1200 A must be 

due to the Fuchs film thickness effect, because the mean free 

path of conduction electrons in bulk Mo and W is in the order of 

400 A [Sun et ale , 1973; Oikawa 1978]. 

6.4 Ie Process Integration of the LPCVD Films 

The most important desired properties of an interconnect 

material are low resistivity and the possibility of forming an 

electrically insulating thermal oxide. The r3sistivities of Mo 

and W films after annealing were 9.3 and 12 microohm-cm, which 

are about 2 orders of magnitude lower than commenly used poly-si. 

However, Mo and W metals have poor oxidation resistance because 

their oxides are volatile at high temperatures (>800 e). Thus, a 

surface passivation scheme is required. On the other hand, all 

metal silicide films (except HfSi2 and NbSi2) form a high-quality 

protective oxide, resulting in a self-passivating structure. The 

LPeVD process using hexacarbonyl sources for elemental metal, 

however, is capable of forming silicide by the addition of silane 

for silicon atoms in the silicide layer. 

Figure 6.4 shows the cross-section view of processing by 

which, the Mo or W were overcoated, in situ, with their respec-
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tive silicides. After annealing, thermal oxide was grown as 

described in Chapter 5. The resulting MOS structure has both the 

high conductivity of the metal and the oxidation resistance 

of silicide. Chow et ale used this technique to silicidize 

sputtered Mo-gate using silane at high temperature (1981). 

6.4.1 Kinetics of oxidation of silicide 

Figure 6.5 shows the Si02 thickness ploted verses lIT 

from the data shown in Figures 5.18 a and b. with the refractory 

metal silicides, the growth of Si02 will occur by means of the 

rapid diffusion of silicon through the silicide layers. The 

oxidation of WSi2 was not possible at temperatures less than 900 

C because of a scarcity silicon atoms, to be oxidized, and the 

subsequent metal oxidation occurred leading to roughness of the 

surface. When there is no source of free silicon from the 

substrate, Figure 5.18b, the silicon in the oxide must be 

provided by the silicide layer itself and remaining silicide 

become metal-rich •. From Figure 6.5 an activation energy of 8 

Kcal/mole was calculated. The large difference between the 

activation energy for the two samples (WSi2/Si and WSi2/Si02/Si) 

implies that the diffusion controlling the formation of Si02 is 

different. For WSi2 directly on top of silicon Ea= 23 Kcal/mole 

was calculated which is in the same order as that for Si02 grown 

on sinqle-crystaline silicon [Deal and Grove, 1965]. In the case 

of WSi2/Si02/Si, Figure 5.18b, the diffusion is a complex 

process. Oxygen diffusion through growing Si02 as well as 
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diffusion of silicon atoms from Wsi2 are both contributing 

factors in overall diffusion process. It should be mentioned 

that as oxidation proceeds silicide top layer will be depleted of 

silicon atoms. X-ray diffraction studies showed the line 

characteristic of WSSi3 (PDP Card No. 16-261). Similar observa

tion have been seen in the oxidation process of sputtered WSi2 

and MoSi 2 [Mohammadi et ale , 1979; Mochizuki and Kashiwagi, 

1980J. 

6.4.2 MOS Capacitor 

The value of metal-to-semiconductor work function, ~MS ' 

is related to the flatband voltage [Sze, 1981J by 

(6.S) 

wher.e Q
55 

is the surface charge density and Co is the oxide 

capacitance per unit area. The flatband voltage VFB and 

threshold voltage VT were obtained from C-V measurements at a 

frequency of 1 MHz on capacitors with various gate oxide thick

nesses, Tox' and are plotted in Figure 6.6. The intercept 

of VFB gives the value of metal-semiconductor work function if 

the mobile charge density is small and Q55 is kept constant by 

reproducible processing techniques. The Q was calculated, 
55 

from the slope of the VFB curve, to be positive with the density 

of about 3.0EE10 cm-3 • This value is comparable to that of a 

polysilicon gate capacitor. The metal-semiconductor work 
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function is also defined [Sze, 1981] by 

E 
~S = ~ - (x + T - 1jJ n) (6.6) 

where ~M is metal work function, x is semiconductor electron 

affinity, Eg is silicon bandgap energy, and t/ln is magnitude of 

the bulk potential of silicon. Using Eg. (6.6) and published 

values [Sze, 1981] of 4.05 and 1.l2 eV for x and Eg respect

ively, the metal work function was calculated to be 4.7 eVe This 

value is comparable with those published [Sze, 1981; Yamamoto et 

a1., 1985]. 



CHAPTER 7 

SUMMARY 

The properties and VLSI applications of tungsten and 

molybdenum films deposited by low pressure chemical vapor 

deposition processes using tungsten and molybdenum hexacarbonyl, 

respectively, as source materials has been systematically studied 

in hot-wall system. Auger electron spectroscopy and Rutherford 

backscattering spectrometry were used to study the compositional 

changes, while X-ray diffraction and Scanning electron microscopy 

were used for structural study of the thin films. 

The unif.ormity and resistivity of the as-deposited films 

are characterized by a strong function of deposition temperature, 

vacuum pressure, and deposition rate. To achieve maximum 

uniformity across a boat load of 48 wafers positioned 1/4 inch 

apart, the process parameters must be such that the surface 

chemical reaction is the rate-limiting factor. This is achieved 

at temperature range of 300 to 350 C and pressure of 400 to 600 

mTorr. In this temperature range the thermal decomposition of 

carbonyl molecules is not complete and as a result of incomplete 

desorption of intermediate pyrolysis products, the as-deposited 

films contain 25 atomic percent of oxygen and carbon impurity in 

the films. The as-deposited films are amorphous or fine-grained 

as determined by X-ray diffraction. The films crystalize under 
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heat treatment with attendant reduction in resistivity to final 

values of 9.3 and 12 microohm-cm for Mo and W, respectively. 

In the temperature range 500 to 550 C crystalization 

starts with diffraction patterns identified as hcp Mo films which 

converts to final stable bcc Mo phase at 700 C. In the tungsten 

film, the deposition of W02 is thermodynamically favorable and 

with further annealing at 700 C for 30 minutes elemental bcc W is 

achieved, as studied by X-ray. Generally, the adhesion of W on 

Si02 is not good, because W cannot reduce the Si02 at the 

interface to make a chemical bound. 

The adhesion of the deposits on Si02 substrates, however, 

was found to be excellent. Further, the temperature at which 

silicidation oocurs at-the W/si interface is about 950 C or 

greater. It is not clear at this stage of experiments what 

interface characteristic is involved, but the high atomic percent 

of oxygen impurity may provide a bonding Wx Siy 0z to improve the 

adhesion and retard the silicidation to a higher temperature. 

with the addition of silane, SiH4, to the reactant 

species of deposition chamber, the silicide of W or Mo is 

deposited. Refractory metal silicide are attractive because of 

their ability to grow thermal oxide of high quality when exposed 

to oxygen. However, their resistivity is about one order of 

magnitude higher than their corresponding metal values (excep

tions are TiSi2 , CoSi2). Multilevel structures of WSi2/W/Si and 

WSi 2/W/Si0 2/si were extensively studied. Wand WSi2 were 

deposited, in situ, without breaking the vacuum, from hexacar-
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bonyl sources. Although the deposition process is by no means 

simple, the potential application of this type of metal silicide

/metal structure is invaluable. Silicides react with 02 and form 

Si02 and metal-rich phase. 

In this work, oxidation of Wsi2 was extensively studied 

and the kinetics of oxidation were found to be different for 

WSi2/Si and WSi2/Si02/Si structures. In the latter form, the 

source of si to participate in oxidation must be supplied from 

Wsi2 layer. If oxidation is carried out for a long time to grow 

a layer of Si02, the WSi2 must change phase and assumes some 

other unstable state like WSSi3 • However, a silicon-rich 

silicide could be deposited and upon oxidation and consumption 

of silicon the stable phase WSi2 would appear. Further investi

gation is required to obtain the property/process relations, 

since MoSi2 and WSi2 are the only high temperature, stable, low

resistance phase. 

Finally, MOS structures with Mo and W as the gate 

material were used to evaluate the IC compatibility of these 

materials. The experimental results verified that W-gate devices 

related to the charges in Si02 are comparable to those of poly

silicon gate. This investigation focused only on areas related 

to the feasibility of WSi2-oxide on top of W-gate structure as 

the electrode gate material. However, additional studies are 

recommended in verification of interface stability by measuring 

dark current and oxide breakdown voltage under various annealing 

conditions and reliability tests. 
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