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Chapter 1 

Introduction 

The deposition of refractory metals, like tungsten (W), on silicon (Si) is one 
of the major concerns of the micro-electronics industry. This is a consequence 
of the ongoing attempts to increase the device density in integrated circuits. 
Terms that are often used in this context are 'Very Large Scale Integration' 
(VLSI) and 'Ultra Large Scale Integration' (ULSI). The obvious approach to 
increase the packaging density is scaling down the dimensions. In the new 
generation integrated circuits, typical device dimensions are less than 1 micro
meter. Moreover, device structures are stacked to get a higher device density 
per unit area. These developments put new demands on the metalization of 
integrated circuits. Both the material involved and the deposition technique 
are subject to more stringent constraints. Some of the consequences of this 
miniaturization will now be discussed. 

• One result of scaling down is the change in the resistance of metal conduc
tion lines. When typical dimensions are scaled down by a factor f, areas 
are scaled down by a factor of the order of j2. As contact resistances are 
inversely proportional to the contact area, they will thus increase by the 
same factor. The same j2-increase holds in principle for conduction lines 
also, but since the length of contact lines decreases by a factor of f, the 
overall increase of the line resistance will be limited to the order of f. It 
is therefore essential to reduce especially contact resistances by as much 
as possible. 

• Since voltages and currents remain unchanged upon miniaturization, cur
rent densities increase in the contact lines. Because of these high current 
densities, metal atoms in the contact lines can be displaced. This de
forming effect is called electromigration. It shortens device lifetime and 
is thus to be avoided. 

1 



2 CHAPTER 1. INTRODUCTION 

material Tm p a 
(K) (lo-s Om) (ppm K-1) 

Si 1683 500 3.0 

AI 933 3 22 
Ti 1950 43-47 8.5 
Mo 2895 5 5.0 
Ta 3269 13-16 6.5 
w 3650 5.3 4.5 
Cu 1356 1.7 16 

TiSb 1811 13-17 10.5 
MoSi2 2253 22 100 8.2 
TaSh 2473 8 45 8.8 
WSh 2160 14 70 6.2 

Table 1.1: A comparison of melting point, Tm, specific resistance, p, and thermal 
expansion coefficient, o:, for several materials. 

• Due to the smaller dimensions, alignment of photolithographic steps be
comes very critical. Therefore, self-aligning deposition techniques are 
preferred to 'blanket' deposition techniques. 

• When stacking devices, conducting connections between the different lev
els must be employed. The metal deposition technique must be capable 
of filling these sub-micron contact plugs. 

The current method of metallizing Si, by means of sputtering AI, cannot 
fulfil these requirements. One problem is that AI is particularly susceptible 
to effects such as electromigration and Si diffusion. As a rule of thumb, such 
effects become important at a temperature of about one-third of the melting 
point. Therefore, it is advantageous to use a material with a high melting 
point for metalization. In table 1.1 the relevant physical properties of possible 
metallization candidates are given. From this table it follows that W is a strong 
contender for the replacement of AI. 

The main advantage of AI is its low resistivity, but fortunately, the specific 
resistance of W is only slightly higher than that of AI. With regard to the 
thermal expansion coefficient, W is even closer to Si than AI. 

Apart from the properties of AI, the deposition technique of sputtering 
brings with it its own problems. One problem is that sputtering is not capable 
of filling contact plugs completely. In particular, it is difficult to fill the bottom 
of a contact hole, thus leading to increased contact resistances. In contrast, 
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the plug-filling capability of chemical vapour deposition of W (W-CVD) is 
excellent, as shown by several authors [1,2,3]. Moreover, the contact resistance 
of W-CVD is very low [2,3]. 

Another advantage of W-CVD over sputtered AI is the possibility of selec
tive deposition on Si and metallic areas and not on silicon oxide (Si02). Since 
the latter material is used as an insulator, short circuits are thus prevented. 
As mentioned before, by using self-aligning deposition techniques, photolitho
graphic steps in the production process can be omitted. 

The considerations above explain the large research effort on W-CVD. Most 
of these studies are performed in industrial reactors, with the main emphasis on 
process optimization. Fundamental studies on the W-CVD process are scarce. 

In this thesis, a fundamental study of two aspects of the W-CVD process 
will be presented. In chapter 2 the experimental apparatus, used for this study, 
will be discussed. It mainly consists of a specially designed arrangement of a 
reactor with an integrated mass spectrometer, which allows an in situ time 
resolved study of the W-CVD process. 

Firstly, the reaction between WF 6 and Si is studied . This reaction will 
always occur when WF6 is in contact with a Si substrate. It results in a W 
layer of limited thickness. As will be shown in chapter 3, this reaction proceeds 
via a 'reaction layer' of about 80 atomic layers. This layer mainly consists of 
various fluorine containing species. 

Secondly, the surface reaction between WF6 and SiH4 is looked at. This 
reaction is used to prevent Si consumption and to achieve thicker W layers. The 
study, presented in chapter 4, gives new insights into the loss of selectivity. It 
is found that WF 6 and SiH4 do react on a Si 02 surface. The result is a W
containing species, that also acts as an independent reaction center a.nd thus 
catalyzes the reaction. At approximately monolayer coverage, metallic W is 
formed. Based on the experimental observations, suggestions are made for the 
precursor state and the W -containing species. 
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Chapter 2 

Experimental set-up 

2.1 Introduction 

The analysis of the kinetics of a CVD process and the identification of all 
reaction-products is a scientific challenge that needs a customized approach for 
each specific process. The most realistic, but often also most difficult approach 
is the in situ analysis of the process. For such an approach, it is necessary to 
have a complete description of all conditions that define the process and its 
analysis. Unfortunately, in practice this situation will never be obtained. The 
best approach is to minimize the number of parameters that affect the process. 
In the case of in situ analysis, this is a very severe demand, for often process 
and analysis conditions are very different. Moreover, most analysis techniques 
are destructive or disturb the process under study in an unacceptable fashion. 
Therefore, all in situ studies of CVD processes are a combination of a carefully 
selected analysis technique and an ingeniously chosen experimental set-up. 

Mass spectrometry is an analysis technique that can provide very valuable 
information for the study of both the kinetics of a low-pressure chemical vapour 
deposition (LPCVD) process and the identification of the reaction products. 
A major difficulty for the in situ analysis of CVD processes with mass spec
trometry is the fact that it is impossible to operate a mass spectrometer at 
the typical pressure of an LPCVD process (W:~ Pa). Besides, it can be difficult 
to distinguish between species arising form the LPCVD process and from side 
effects. 

In this chapter, an in situ mass spectrometer set-up will be discussed, that 
is specifically designed for the study of the LPCVD of W using WF 6 as the 
metal carrying gas. All experiments on W deposition, presented in this thesis, 
are carried out in this experimental set-up. The time-resolved mass spectrom
etry, that is performed with this arrangement, is the main method of analysis 
throughout this thesis. 

5 
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2.2 Design philosophy 

2.2.1 General considerations 

The in situ analysis of a CVD process requires in the first place a well deter
mined region in space, where the conditions can be carefully controlled. This 
region will be referred to as the 'reactor' throughout this thesis. Although all 
kinds of methods can be proposed to isolate a certain region of space, the most 
practical solution for CVD processes is the use of walls. The most important 
parameters that characterize the reactor in this case are its dimensions, the 
materials of the walls, the concentrations and distribution of the gases inside 
the reactor and the distribution of the temperature of both the walls and the 
gases. Because of mutual dependences among these parameters, they may also 
be a function of time. 

To simplify the system and its behaviour in time, it is necessary to reduce 
the number of parameters. For the materials, this implies the reduction of the 
number of materials that are used for the reactor walls, and reduction of the 
number of gas species. The latter optimization is of course determined by the 
number of reactants and products. 

Concerning the distribution of the different gas species and the tempera
ture, the system is simplified when a homogeneous distribution is obtained. In 
practice, a symmetrical design and an effective mixing of the gases can help to 
achieve this situation. 

The second requirement for an in situ analysis of a CVD process is an 
analysis technique that can provide additional information on the process as a 
function of the parameters. For this purpose, the analysis technique must be in 
'contact' with the process. Therefore, it must either be incorporated into the 
reactor, or it must probe the process externaly through a 'leak' in the reactor. 
Both approaches may affect the CVD process that is studied. The strive for 
simplification of the experimental set-up demands that this influence on the 
CVD process by the analysis technique must be negligible. 

2.2.2 W-CVD using WF6 

In the special case of W-CVD using WF 6 as the main reactant, the general 
considerations described above lead to the following consequences. 

The main processes of interest are the interaction of WF 6 (g) with Si ( s) 
and the interaction of WF6 (g) with SiH4 (g) in the presence of Si02 (s). For 
the interaction of WF6 with Si, it would be desirable to use Si for the reactor 
walls to reduce the number of materials. However, for obvious reasons this is 
not a practical solution. Therefore, in case of studies concerning a Si sample, it 
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mass spectrometer cryo shields 

reactor 

by-pass 
computer 

gas supply 

rotary pump rotary pump rotary pump 
~...--________ J...-__ _,_ ____ J...-______ exhaust 

Figure 2.1: Diagram of the in situ time-resolved mass spectrometer set-up, spe
cially designed to study the LPCVD of Won Si and on Si02 using WF6 and 
SiH4 • The main part is a continuous flow quartz hot-wall reactor, coupled to a 
quadrupole mass spectrometer. The gases WF6, SiH4 and Ar can be supplied 
to the reactor. Their flows are controlled by mass flow controllers. By means of 
the 4-way valve, either the flow of reactants or an inert Ar flow can be supplied 
to the reactor or the bypass, respectively. Gas molecules from the reactor can 
enter the mass spectrometer compartment through a pinhole in the reactor. The 
mass spectrometer is controlled by an computer, that also is used for the data 
acquisition. 

is necessary to admit at least two solid materials in the reactor. From various 
reports in literature, it is known that the interaction of pure WF 6 with Si02 
is negligible [1,2,3]. Therefore, Si02 is used for the reactor walls. The same 
reactor is used in the study of the reaction of WF6 and SiH4 • In that case, the 
reactor wall itself acts as the substrate. 

To achieve a homogeneous and stationary concentration of reactants in the 
reactor, a flow system with a constant supply of reactants is used. This supply 
of reactants must be much larger than its consumption due to reactions. The 
stationary flow of gases through the reactor has the additional advantage that 
gaseous impurities cannot accumulate in the reactor. These impurities could 
originate from desorption of the walls and possible leaks. Although the reactor 
itself is made of quartz, it is not practical to use quartz for the complete gas 
supply lines. Because stainless steel, apart from start-up effects, is inert towards 
WF 6 at room temperature [4], all gas supply lines are made of stainless-steel. 

It is assumed that the noble gas Ar does not interact with WF6, SiH4 , Si, 
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W and Si02 • Throughout this thesis, Ar is used as a diluent or as a carrier 
gas, when necessary. 

A hot-wall reactor approach has been chosen to have a homogeneous dis
tribution of the temperature. As will be shown in section 2.3.2, this enables 
to heat the sample and to determine its temperature without introducing ad
ditional materials into the reactor. 

Analysis by mass spectrometry requires high vacuum conditions, i.e. p < 
10-3 Pa. In contrast, the LPCVD of W is typically performed at total pressures 
in the order of 102 Pa. In the experimental set-up, this requires an element 
that causes an appreciable pressure drop between the reactor and the mass 
spectrometer compartment. The demands on this element are somewhat para
doxical. While not disturbing the processes in the reactor, it should result in a 
reliable analysis of the actual composition of gases in the reactor. A solution 
to this dilemma is a conical shaped pinhole in the reactor wall downstream of 
the heated part of the reactor. 

A schematic of the experimental arrangement is given in figure 2.1. In 
the next sections, successively the gas handling system, the reactor, the mass 
spectrometer and the method of analysis will be discussed. 

2.3 Reactor part 

2.3.1 Gas handling 

A diagram of the complete gas-handling system is given in figure 2.2. Stainless 
steel is used for the gas lines and all connections are made by Swagelock fittings. 
Three gas cylinders are attached to the system, containing WF 6, 1 % SiH4 in 
Ar and pure Ar, respectively. 

The purities of the different gases are given in table 2.1. The SiH4 gas 
mixture has been diluted for safety reasons. Larger concentrations of the py
rophoric SiH4 can lead to an explosive mixture, which requires an extravagant 
safety investment. Unfortunately, the dilution of the SiH4 restricts the range of 
SiH4 concentrations in the experiments on the WF 6/SiH4 process. The cylinder 
gas-pressures are reduced to 5 x 104 Pa and supplied to mass-flow controllers. 
All pressure regulators are UCAR stainless steel high purity regulators. 

The mass-flow control unit is supplied by ASM and is equipped with Tylan 
General type FC-260 mass-flow controllers. Special caution has been taken for 
the mass-flow controllers to be resistant against WF6 and SiH4 • The mass-flow 
controllers of WF 6 and SiH4 are always evacuated after the experiments. The 
flow ranges are given in table 2.1. Note that the two Ar flow controllers are 
both connected to the same Ar supply, as indicated in figure 2.2. 
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reactor 

~ valve with lever actuator ~ in-line regulator 

~ diafragm valve ~ vacuum regulator 

~ air-actuated valve ~ valve with pressure gauge 

~mass-flow controller @ cross valve 

V rotary pump 

....._., 

m sorption trap e pressure gauge exhaust exhaust 

Figure 2.2: Schematic of the gas-handling system, used for the in situ time
resolved mass spectrometer analysis of the W-CVD on Si and Si02 • 

The mass-flow controllers are calibrated at regular times. For the two Ar 
flow controllers, an absolute calibration is derived from a soap-film meter. The 
WF6 and SiH4 / Ar flow controllers are calibrated relative to the Ar flow con
trollers. For this procedure, the reactor is closed at the downstream end and 
filled with the gas at a fixed setting of the concerning flow controller. Simul
taneously, the pressure in the reactor is measured as a function of time. The 
absolute flow is then calculated from the constant pressure rise. 

The output flows of the mass-flow controllers, labeled WF6 , SiH4 / Ar and 
Arl, are collected in a gas line leading to a 4-way valve. By a separate line, the 
Ar2 flow is connected to the other inlet of the 4-way valve. Using this valve, 
either the reactant mixture or an inert Ar flow is directed to the reactor. In 
either case, the other flow is directed to the bypass. The 4-way valves enables 
a rapid switch of the reaction mixture and the inert gas flow, thus defining an 
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gas composition minimum flow maximum flow 
(purity) xlolos -1 seem X1010 s -t seem 
WF6(2) 7.7xlo-"J. 0.19 3.2 7.8 

{ l.OO%SiH4 (4.5) 
99.99 %Ar (6) 

• 4.7 x w-2 0.11 5.6 14 

Arl (5) 0 0 40 100 
Ar2 (5) 2.98 7.4 21 53 

Table 2.1: Gas flow range of the mass-flow controllers in the experimental set
up. The first column indicates the four mass-Oow controllers (see figure 2.2) 
with the composition of the supplied gas mixtures. The number in parentheses 
indicates the gas purity (e.g. 4.5 = 99.995% ). In this thesis the mass flow will 
exclusively be expressed in particles per unit of time (s-1 ). For comparison with 
other publications in this field, the conventional non-SI unit 'seem' (standard 
cubic centimeter per minute) is also indicated in the table. 

accurate starting point of the experiment. By a variable leak valve, the gas 
flow conductance of the bypass is adjusted to be equal to the conductance of 
the reactor. This insures that when the two gas flows are equal, no pressure 
change occurs after switching the flows. 

Both the reactor and the bypass have a seperate rotary pump (Leybold 
Heraeus type Trivac D16BC), to prevent gas from the bypass reaching the 
reactor. The rotary pumps are filled with WF6-resistant PFTE oiL 

The reactants WF 6 and SiH4 are led through the same gas line. It is as
sumed that no reactions occur in this line. This is in contradiction with the 
report of Nakamura et al. [5), as will be discussed in chapter 4. For WF6 and 
SiH4 at a ratio [SiH4)/[WF6) > 1.3, a total pressure p = 40 Pa and at room 
temperature, they observe a conversion of 75% of the SiH4 into SiHF3 and SiF4. 
Moreover, this reaction is accompanied by visual luminescence. However, in 
our experiments no signs of this reaction are observed, although the experi
mental set-up is very sensitive to detect this kind of reactions. It is, therefore, 
assumed that under our conditions no premature reactions occur between WF 6 

and SiH4. 

Sorption traps are used to minimize the diffusion of rotary pump oil into 
the reactor and the bypass. These traps are baked-out every night. When the 
set-up is not used for experiments, an inert Ar flow is always maintained in 
both the reactor and the bypass. 
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to 
rotary pump 

mass spectrometer 

Figure 2.3: Schematic of the reactor and the mass spectrometer. 

2.3.2 Reactor 

A schematic of the reactor is shown in figure 2.3. The reactor is made com
pletely of fused silica (Leybold Heraeus, Heralux, OH contamination :::::i 200 
weight ppm, metals< 3 weight ppm). Its shape is a tube of 0.90m length and 
7 mm inner diameter. The pressure in the reactor is measured by a Datametrics 
membrane vacuum gauge. 

A special effort has been made to reduce water contamination and to prevent 
'memory effects' from earlier experiments. For this reason, the reactor tube 
is conditioned before each experiment. The conditioning procedure starts by 
etching with a mixture of 10% HN03 and 10% HF in water for 2 minutes to 
remove all W deposit from earlier experiments. The tubes are then rinsed with 
water. The experience is that a visible W deposition, if any, is cleaned out very 
easily. After etching, the tubes are baked-out in a separate heater for at least 
15 h at 1100 K. During the bake-out, a low-pressure Ar flow is supplied to the 
tube. Before dismounting the tubes from the bake-out set-up, they are filled 
with Ar. Immediately after dismounting, the tube ends are closed with rubber 
stoppers. When the tube has cooled down to room temperature, it is mounted 
in the mass spectrometer set-up, after possible introduction of a Si sample. 

Because the tube cleaning takes more than 15 h, several identical reactor 
tubes are used to increase the experimental frequency. In the bake-out set
up, three identical reactor tubes are conditioned simultaneously, thus allowing 
three experiments per day. On the mass spectrometer compartment, a special 
construction ensures that the reactor tube can be changed without breaking 
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the vacuum in the mass spectrometer. In figure 2.3 this is indicated by the 
'shut-off valve'. The sealing of the reactor tube is performed by Vi ton 0-rings. 
Using the mass spectrometer, these connections can easily be leak tested with 
He. 

The downstream end of the reactor is determined by a quartz plate that is 
placed at 1 mm distance from the reactor tube. The main gas flow will pass 
through the slit between the reactor tube and the end plate. In the center of the 
quartz end-plate, a conical shaped pinhole is made. The reactor-side diameter 
of this pinhole, 40 p.m, is less than the mean free path of the gas molecules in 
the reactor. Assuming a laminar flow, the gas flow hits the end plate at this 
pinhole. Gas molecules can enter the mass spectrometer compartment through 
the pinhole. The detection of these molecules will be discussed in section 2.4.1. 

The reactor tube and the sample, can be heated by a tube heater over a 
length of 0.25 m. The temperature of the stainless steel inner shield of the 
heater is measured by a chromel/alumel thermocoax that is fit tightly along 
the shield, with its junction in the center. The thermocouple is compensated 
by an identical thermocoax with its junction in melting ice. Due to the low 
pressures inside the reactor, the heating of the sample will occur mainly by 
radiation. When the quartz reactor tube and the sample are in full thermal 
equilibrium with the heater, i.e. have the same temperature regardless of their 
emissivity, this suffices to determine the reaction temperature. This heater will 
be discussed in more detail in section 2.3.3. It should be specially noted that in 
order to heat the Si sample and to determine its temperature, no new materials 
have to be introduced into the reactor. 

Since quartz is a very good thermal insulator, it is assumed that the reac
tor walls have a uniform temperature inside of the heater, being equal to the 
stainless steel shield. Outside the heater, it is assumed that the reactor is at 
room temperature. This assumption is supported by the fact that the reactor 
tube can be touched by a bare finger at about 2cm from the heater, without 
burning it. 

2.3.3 Heater 

The heater consists of a resistively heated Kanthal coil, wrapped on a quartz 
tube (length 0.27 m, outer diameter 30 mm). A stainless steel tube (length 
0.25 m, diameter 24 mm) has been placed within the heating coil to smoothen 
its temperature profile. The tube ends are filled with rock wool to prevent a 
cooling 'chimney' gas-flow in the heater. 

The idea is that all elements within the heater tube are in thermal equilib
rium. In this case, the temperature of all elements within the tube is equal, 
independent of their emissivity. 
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Using a simple model, it can easily be shown that this concept holds for 
a tube with a finite length, provided that two requirements are fulfilled. The 
first requirement is that the sample is flat, with the normal on its surface 
perpendicular to the axis of the tube. The second requirement is that the 
length-to-diameter ratio of the tube is sufficiently large. 

In a separate experiment, the ratio of sample temperature and shield tem
perature has been measured by a stainless steel plate with a thermocouple 
spot-welded in its center. The diameter of the thermocouple wires is 50 flm to 
prevent heat leakage. The plate is placed inside a reactor tube, in the middle 
of the heater. The dimensions of the stainless steel sample are equal to the 
dimensions of the Si samples that are used. Both the heater temperature and 
the difference in temperature of the sample and the heater are measured as 
a function of time when the heater is turned on and off. A typical result is 
presented in figure 2.4. 

As can be seen in the figure, the difference in temperature between sample 
and shield is constant from approximately 20 min after turning on the heater. 
Strangely enough, the sample temperature is about 2 K higher than the tem
perature of the shield. This effect is probably caused by a systematic experi
mental error, e.g., an offset in the voltage amplifiers. This is supported by the 
observations at atmospheric pressure in the reactor tube. In that case, it can be 
assumed that the sample temperature is equal to the temperature of the shield, 
for the sample is also heated by conduction of the surrounding gas. However, 
again the sample temperature is higher than the heater temperature, as sum
marized in table 2.2. The measured differences in temperature between sample 
and shield are corrected assuming the difference at atmospheric pressure in the 
reactor tube to be zero. The results are given in table 2.2. 

As follows from the table, the temperature of the sample is less then 1 K low
er than the temperature of the shield after this correction. The most probable 
explanation is that the emissivity of the heater has increased due to oxidation. 
An important additional result is that the supply of a gas flow does not affect 
the temperature of the sample, as indicated by column 'c' in table 2.2. There
fore, throughout this thesis, the reported reaction temperature is in fact the 
temperature of the stainless steel inner shield of the tube heater. 

2.4 Analysis part 

2.4.1 Mass spectrometer 

The mass spectrometer compartment is connected to the reactor by a 40 flm 
diameter pinhole in the quartz back wall of the reactor, as indicated in figure 
2.3. The pinhole is conically shaped into the 1 mm thick quartz plate such that 
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Figure 2.4: The temperature Th of the stainless steel shield of the heater (upper 
figure) and the difference in temperature of a stainless steel sample and the 
shield tiT = Ts - Th, placed in the center of a reaction tube inside the heater 
as a function of the time. At t = 0 min the heater is turned on with a constant 
current and at t = 85 min the current is turned off. The pressure inside the 
reactor tube is about 40 Pa. 
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Tshield !:!:.T = Ts- Th !:!:.Tb - I:!:.Ta. 
(K) (K) (K) 

a b c 
p = 105 Pa p = 1Pa p = 13Pa 

no flow no flow Q = 3.4 x 1018 s-1 

472 2.0 ± 0.8 1±1 1.0 ± 0.5 -1.0 
529 3.0 ± 0.8 2.3 ± 0.8 2.3 ± 0.5 -0.7 
589 1.8±0.8 1.2 ±0.8 1.2±0.8 -0.6 
628 3.3 ± 0.8 2.8 ±0.8 2.8± 0.8 -0.5 
680 3.0 ± 0.8 2.5 ± 0.8 2.5 ± 0.8 -0.5 

Table 2.2: Temperature of inner shield of the heater, Th, and corresponding 
difference in the temperature of a stainless steel sample and the temperature 
of the heater shield, T8 - Th. The sample is placed in the center of the shield. 
The difference in temperature at p = 105 Pa is supposed to be negligible. The 
measured values probably arise from a experimental error. In the last column, 
the temperature differences at p 1 Pa are given, corrected for this experimental 
error. 

its diameter is about 1 mm at the side of the mass spectrometer. Through this 
pinhole, gas molecules can enter the mass spectrometer compartment. 

The mass spectrometer compartment is pumped both by a turbo molecular 
pump (Leybold Heraeus Turbovac 360 CVS) and by cryo shields. The cryo 
shields are cooled partly by liquid nitrogen (77 K) and partly by a cryo pump 
(Ley bold Heraeus RG 210, base temperature 14 K). Using these pumps, a base 
pressure of about w-6 Pa is achieved under experimental conditions. 

The molecular beam is analyzed by the quadrupole mass spectrometer 
(Balzers QMA 150). The mass spectrometer is positioned such that the molec
ular beam enters the ionization chamber in its center. The ions are extracted 
to the quadrupole, perpendicular to the molecular beam. After passing the 
quadrupole mass filter, they are detected by a 90° off-axis electron multiplier. 

Both to have a direct response and to avoid secondary reactions, the de
tection must be limited to those molecules that enter the ionization chamber 
directly from the pinhole via the molecular beam. The detection of molecules 
that reach the ionization chamber indirectly, e.g., by interaction with other 
molecules or with the walls of the mass spectrometer compartment, has to 
be suppressed. For this reason, the complete quadrupole and the ionization 
chamber are surrounded by the cryo shields. An orifice in these cryo shields 
is positioned in line with the ionization chamber and the pinhole. Molecules 
from the reactor can only reach the ionization chamber through this orifice. A 
more accurate cut-off of the molecular beam is performed by a conical shaped, 
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1 mm diameter diaphragm, indicated as 'skimmer' in figure 2.3. The skimmer 
is placed in between the pinhole and the cryo shields. It admits just the part of 
the molecular beam that enters the center of the ionization chamber, without 
touching any walls. 

The concept of the cryo shields works for most gases, apart from H2 and 
HF. For these gases, their vapour pressure at 14 K is the limiting factor. By 
means of a flag in between the pinhole and the skimmer, the 'reactor' signal 
and 'background' signal can be distinguished. 

The quadrupole is connected to a HF-generator (Balzers QMH 511), which 
is controlled by an AT personal computer, equiped with a Tecmar Labmaster 
board. The full width at half maximum of the signals is half an atomic mass 
unit. The computer is also used for the counting of the signal pulses from the 
electron multiplier as described in section 2.4.2. 

2.4.2 Data acquisition 

The data acquisition can be performed in two modes. In the first mode, the 
mass filter is set to a certain mass m1ower· During a certain sampling time, 
'Tsample, pulses are counted at this setting. This procedure is repeated, changing 
the selected mass with fixed steps b.m until a certain mass mupper is reached. 
The resulting data series is referred to as 'mass spectrum'. 

In the second mode, up to 10 masses of interest are chosen. As a function of 
time, these masses are selected successively. At each selected mass, pulses are 
counted for a pre-set sampling time. The successive detection of the selected 
masses is repeated continuously in time until some previously chosen end time 
is reached, or until the data acquisition is stopped manually. The resulting 
data series is referred to as a 'time scan'. 

Due to warming-up of the electronics (mainly the HF-generator) the mass 
scale may show a minor shift as a function of time. To be less sensitive for 
these changes in the mass scale, the following procedure has been used. The 
shape of the signal of the mass spectrometer for a certain mass can be assumed 
to be an isosceles triangle with its base on the mass scale. The first half the 
sampling time, the mass filter is set to select the desired mass minus ~ atomic 
mass unit and the other half of the sampling time, the mass filter is set to 
select the desired mass plus ~ atomic mass unit. This data acquisition method 
is insensitive for a minor shift in the mass scale, as long as the peak of the 
signal stays in between the two data acquisition points. 

Two data operations can be performed on time scans. First, the effective 
sampling time per data point can be increased by adding N succesive data 
samples. Together, the interval time between the data samples is increased by 
a factor N. This procedure reduces the number of data samples of the time scan 
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by a factor N. This procedure is applied in order to improve the statistics. As 
the signals result from a stochastic process with a constant probability during 
the sampling time, they behave according to Poisson statistics. This implies 
that the standard deviation of the signal is given by its square root. Larger 
signals thus have a lower relative standard deviation. 

The second data operation for time scans is a background correction. During 
the data acquisition, the signals of the selected molecules might coincide with 
signals from residual gas molecules in the mass spectrometer compartment. 
In a time scan this is indicated by a non-zero value for the signal from some 
selected mass before the reactants are supplied to the reactor. Another method 
to determine the background signal is by chopping the molecular beam in the 
mass spectrometer compartment with the flag during some sampling cycles. In 
the background subtraction procedure, the average of the background signal is 
subtracted from the complete series of data samples of the concerning mass. 

2.4.3 Interpretation of signal 

The mass spectrometer signal is directly proportional to the density of the 
detected species in the reactor, as can easily be seen. The intensity, Ix, of the 
molecular beam of particles X that enters the mass spectrometer compartment 
via the pinhole will, independent of the flow regime, be directly proportional 
to the density, [XJ, in the reactor, 

lx oc [X] . (2.1) 

During their path in the ionization chamber, the molecules can be ionized 
by 75eV electrons. Upon ionization, molecules will often dissociate resulting in 
a range of different ions (cracking pattern). The intensity of the produced ions, 
lx+, is directly proportional to the beam intensity and the electron current, 

lx+ oc fxle. (2.2) 

After extraction of the ion from the ionization chamber to the quadrupole, 
the ion can reach the electron multiplier, provided that the quadrupole trans
mits the ion. The number of ions that is detected, Sx+, at the appropriate 
settings of the quadrupole is directly proportional to the produced amount of 
tons, 

Sx+ oc lx+ . (2.3) 

Combining the equations 2.1, 2.2 and 2.3 yields 

Sx+ =ax+ [XJ , (2.4) 
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where ax+ depends among others on the molecule and the kind of ion that is 
formed and on the condition of the mass spectrometer. Because of degradation 
of the electron multiplier plates, its efficiency will decrease in time, thus affect
ing ax+. This degradation is negligible during some days, but becomes serious 
when comparing experiments with an interval of more than one week. For this 
reason, only relative changes will be considered when comparing experiments, 
unless an implicit calibration is possible. 

The drain Qdrain of a specific gas is described by its concentration in the 
reactor, [X], and the pumping speed, S, according to 

Q<~rain = [X]S . (2.5) 

Conservation of matter then yields 

1 1 
[X] = SQdrain = S ( Qsupply + Qprod - Qcons) , (2.6) 

where Qsupply, Qprod and Qcons are the supply, the total production and the total 
consumption of X, respectively. In other words, the concentration of species X 
at the pinhole, and thus its mass spectrometer signal, is directly proportional 
to the net production of X, provided that Sis a constant. 

During its transport from sample to pinhole, a reaction product X can 
diffuse through the carrier gas flow, thus broadening its concentration profile. 
The effect of this diffusion can be estimated as follows. 

Assume the reactor tube to be filled with a carrier gas and a 6-concentration 
of species X in this gas at t = 0. The broadening of the concentration of X as 
a function of time is described by 

No z2 
[X]zt= e-TIYt (2.7) ' 2.Jil5i 

where No is the total amount of species X, D is the diffusion coefficient, z is the 
axial position along the tube and z = 0 corresponds with the original position 
of the 6-concentration. 

Now assume a plug flow with average velocity Vgas and that the z-axis travels 
with the gas flow such that the concentration profile of X stays symmetrically 
with respect to the z-axis. A fixed point in the laboratory system at z = L for 
t = 0 is then described as 

ZL = L - Vgast • (2.8) 

Combining equation 2. 7 and 2.8 gives a way to calculate the concentration of 
X at the fixed point in the reactor as a function of time. 

In a practical situation, Vgas can be calculated from the absolute flow, the 
pressure in the reactor and its area perpendicular to the axis according to 

QkT _1 ( ) 
Vgas = Ap = 0.64ms , 2.9 
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Figure 2.5: Concentration of species x a.t a. fixed position in the reactor tube due 
to a 6-concentration released at t = 0 a.t a distance L 0.3 m upstream from 
this point. The diffusion coefficient is D = 0.015 m2 s-1 • 

where k is Boltzmann's constant, and the following parameters are substituted 

QwF6 = 1.4 x 1017 s-1 

T = 300K 

A 1r(3.5 X 10-3 ) 2 m2 = 3.8 X 10-5 m2 

p = 24Pa. 

Figure 2.5 shows the concentration of species X at the pinhole as a function 
of time due to the 6-concentration at L = 0.3 m, being the distance from the 
sample to the pinhole. The concentration is calculated according to equation 
2. 7 with substitution of the equations 2.8 and 2.9, and with D = 0.015 m2 

being the diffusion coefficient of SiF4 in WF6 at p = 24Pa [6]. 

2.4.4 Background spectrum 

A typical background spectrum is given in figure 2.6. Although in principle the 
mass spectrum is a histogram, only the contour line that connects that data 
points is given. This makes the figure easier readable. 

As can be seen, in spite of the cryo shields, still a large amount of back
ground molecules is visible. The ions, indicated in the figure, result mainly 
from H2, N2, 02 and Ar. Moreover H20 and C02 are detected and a relatively 
large amount of F+ ions. The latter originate from some F -containing species 
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that accumulates in the reactor. Its level is only lowered after venting the 
system or after extreme long periods without experiments. Note that an HF 
molecule can be detected by either H+, F+ or HF+. Since these ions coincide 
with large signals from the background gases, the detection of HF from the re
actor is very difficult. The signals of Na+ and Cl+ (natural abundance: 75.5% 
35Cl, 24.5% 37Cl) indicate the presence of NaCl. The signals at 52 and 56, 
corresponding to Cr+ and Fe+ respectively, probably originate from stainless 
steel parts in the mass spectrometer compartment, e.g., the ionization chamber 
or the electrostatic lenses. The signal at 78 u is not identified. The peaks at 
about 93 u and at 185 u and 187 u result from the Re filament of the ionization 
chamber (natural abundance: 37.4% 185Re, 62.6% 187Re). These signals seem 
to be correlated to the amount ofF in the reactor. 

A typical mass spectrum after supply of a reaction mixture is presented in 
figure 2.7. For this purpose, a mixture of WF6 and SiH4 is supplied to the 
reactor at room temperature. Apart from the temperature, the flow conditions 
are equal to the standard conditions in chapter 4. As will be shown there, 
reactions are negligible at this temperature. 

The most conspicuous changes with respect to figure 2.6 are the signals of 
Ar (Ar2+ and Ar+), SiH4 (having its maximum at SiHt) and WF6 • The crack
ing pattern of WF 6 is very extensive and contains several singly and doubly 
ionized WF x fragments. Note that the WFt, WF~+ and WF~+ ions are absent. 
Apparently the ionization of WF 6 is accompanied by the loss of at least one F 
atom. Especially in the single ionized fragments, the relative abundances of the 
W isotopes is easily seen (natural abundance: 0.1% 180W, 26.3% 182W, 14.3% 
183W, 30.7% 184W, 28.6% 186W). In the spectrum of figure 2.7, no WOF4 is 
visible due to the careful pretreatment of the reactor tubes. However, in situa
tions with a larger H20 content, WOF x becomes visible as ionized fragments, 
shifted 3 u towards lower masses with respect to corresponding WF x-l frag
ments. The ionization of WOF 4 is also accompanied by the loss of at least one 
F atom. The WOFj ion is the largest signal in this case. 

2.5 Summary 

All W-CVD processes that have been studied in this thesis are performed in a 
a continuous-flow hot-wall reactor. The reactor is made exclusively of quartz 
(Si02 ). The only materials inside the reactor are Si02 from the walls and 
possibly a Si sample. Heating of both the walls and the sample is performed 
by radiation from outside the reactor tube under equilibrium conditions. This 
provides also a method to measure the temperature outside of the reactor. 

The gases WF 6 , SiH4 and the carrier gas Ar can be supplied to the reactor. 
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The gas flows are controlled by mass-flow controllers. 
Through a pinhole in the reactor wall, downstream of the sample, molecules 

can enter the mass spectrometer compartment. The use of cryo shields ensures 
that the detected molecules arise directly from the pinhole, and have not inter
acted with molecules inside the mass spectrometer compartment or its walls. It 
has been shown that the the mass spectrometer signal is directly proportional 
to the net supply, i.e. supply plus production minus consumption, of the mea
sured species in the reactor. This relation holds as long as the pumping speed 
is constant and as long as changes in the production are slow compared to a 
typical time of 1 s. 
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Figure 2.6: Typical background spectrum at experimental conditions, i.e. cryo 
shields at 14 K, pressure in mass spectrometer compartment Prn.s. = 9 x 10-7 Pa, 
pressure in reactor Preactor = 0.1 Pa. 
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Figure 2.7: Typical mass spectrum at experimental conditions, i.e. cryo shields 
at 14 K, pressure in mass spectrometer compartment Pm.s. = 9x 10-7 Pa, pressure 
in reactor Preactor = 46 Pa, temperature T = 300 K, and the densities [WF6] = 
3.6 x 1020 m-3 , [SiH4] = 5.5 x 1019 m-3 and [Ar] = 5.5 x 1021 m-3 • 
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Chapter 3 

WF6 and Si 

3.1 Introduction 

The basic reaction of W-CVD on Si is the reaction between WF6 and Si itself. 
Generally, it is accepted that the overall reaction equation is given by 

2WF6(g) + 3Si(s) -t 2W(s) + 3SiF4(g) . (3.1) 

With this reaction, a W layer can be deposited on Si. Since pure WF 6 does not 
react with Si02 , the reaction is the basis for the selective nature of W-CVD 
using WF 6 • All successive reactions, that require a W surface to proceed, will 
preserve the selectivity. Moreover, using Si as a reducing agent yields a lower 
contact resistance than other reductants, such as H2 , SiH4 , GeH4• 

A disadvantage of the reaction is the fact that Si is consumed, which leads 
to the name 'displacement reaction'. This Si consumption is undesired since 
it can damage existing structures on the IC. Fortunately, the displacement 
reaction is self-protected against too much damage. Once a solid W layer is 
deposited, the underlying Si is covered and the deposition stops. The result is, 
therefore, a W layer with a limited thickness. 

This limited layer thickness is described in various publications, with rather 
conflicting observations. One group of studies reports W layers with a thickness 
of 15- 20nm, independent of the reaction temperature [1,2]. Although it is 
expected that the deposition stops once a W layer covers the Si, the final 
thickness of 15 - 20 nm is somewhat strange. Apparently, it takes no less 
than some 70 monolayers of W before the Si is completely covered. Another 
group of studies reports a layer thickness that does depend on the sample 
temperature [3,4,5]. They find the limited layer thickness, loe, to be described 
by the Arrhenius behaviour 

E 
[ 00 = 10 etT , 

25 

(3.2) 
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withE= 0.33- 0.48eV and T the sample temperature. In both cases a-W 
is deposited, having a bee structure. The difference in the temperature de
pendence of the limited layer thickness appears to be correlated to the type 
of reactor that is used for the deposition. The layers with a temperature in
dependent thickness are grown in a hot wall reactor, whereas the temperature 
dependent layer thickness is found in a cold wall type reactor. 

Finally, there are also reports on a quite different temperature dependence 
of the layer growth, showing a maximum thickness of 100 nm at T = 550 K. 
It is assumed that this kind of temperature dependence is caused by an initial 
oxide layer on the surface [1,2,6]. These layers have the /3-W crystal structure, 
stabilized by impurities like 0 or F. Because of its higher resistivity than a-W, 
the formation of /3-W must be avoided. 

Although at first sight the limited layer thickness concept is trivial, it is 
very intriguing from a scientific point of view. Why can Si pass up to some 70 
atomic layers of W, after which the transport is completely forbidden? In this 
chapter, an in situ time-resolved mass spectrometer analysis of the deposition 
process will be discussed. The deposited W layers have been analysed by RBS 
and AES combined with Ar+ sputtering. On base of the observations a model 
is proposed that makes the limited layer concept more acceptable. Parts of this 
chapter have been published already [7,8]. 

3.2 Experimental 

3.2.1 Experimental procedure 

All deposition experiments are performed in the reactor attached to the time
resolved mass spectrometer set-up, described in chapter 2. The reactor tubes 
are cleaned with 5% HF (aq) for 1 minute and then rinsed with demineralized 
water. In order to minimize the water content of the walls, the tubes are baked 
for at least 15 hours at 1100 K. During the bake out, a low-pressure Ar flow is 
maintained in the tubes. 

The bake out procedure is finished by filling the reactor tube with Ar and 
closing it with rubber stoppers immediately after dismounting. When the tube 
has cooled down to room temperature, a spin-etched Si sample (see section 
3.2.2) is introduced into it, and the reactor tube is mounted in the mass spec
trometer set-up. As will be shown in section 3.2.3, the introduction of Si into 
a reactor at room temperature is essential to prevent the oxidation of the Si 
surface. Immediately after mounting, the reactor is evacuated to a pressure of 
0.1 Pa while no gas flow is supplied. 

The Si sample is positioned 0.3 m upstream from the pinhole. When the 
pressure has reached 0.1 Pa, the reactor is locally heated to 730 K for 30 minutes 
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as an additional bake out. After this, the oven temperature is set to the desired 
value for another 30 minutes. 

The actual analysis starts after the additional bake out and stabilization 
of the desired temperature. As a function of time, the mass/charge ratios 281 
(WFt), 85 (SiF!) and 255 (WOF!) are measured, resulting from respectively 
WF6 (g), SiF4 (g) and WOF4 (g). Complete mass spectra in the range from 0 
to 300 u have shown that the changes during the deposition process originate 
exclusively from these gases. In case of WOF!, an W isotope is chosen that 
has no overlap with the WFt isotopes. The detection of the WOF4 molecule, 
resulting from the reaction of water and WF 6 according to 

WF6(g) + H20(g) -4 WOF4(g) + 2HF(g) , (3.3) 

is used as an indication of an excessive water contamination of the reactor. This 
could lead to a premature oxidation of the Si sample, which has a dramatic 
effect on the quality and thickness of theW layer, as mentioned in section 3.1. 
All measurements that show a significant WOF4 signal (SwoF+ > 0.01SwF+) 
are therefore rejected. 

3 5 

At a certain time after the start of the measurements, a WF 6 flow of 1.4 X 

1017 molecules per second is supplied to the reactor, causing the pressure to 
rise to 24 Pa. In all experiments, this flow is larger than the WF 6 consumption, 
such that no transport limited effects occur. Before its supply, the WF6 flow 
has been stabilized in the bypass. 

The deposition process is stopped by replacing the WF 6 flow by an Ar flow 
of 1.2 x 1018 s-1 • At the same time the power supply of the heater is turned 
off. When the reactor has reached room temperature, the tube is dismounted 
and the Si sample can be analyzed with AES. 

3.2.2 Sample cleaning 

The native oxide layer of the Si samples is removed by the method of spin 
etching. This method is a modification of the regular HF etching methods [9]. 
The general idea of HF etch procedures is that after the removal of the Si02 
layer, the dangling Si bonds are passivated by H atoms. This H cap protects 
the Si, such that it can be transported through open air without being oxidized. 

The method of spin etching was first proposed by Grunthaner and Grun
thaner for a layer-by-layer removal of a thick Si02 layer on a Si substrate [HI]. 
The principle is that a solution of aqueous HF in alcohol is added drop-wise 
to the surface of a rotating Si sample. Each new drop is added only after the 
preceding drop has evaporated. The reason for supplying the etch solution in 
this unconventional way is to minimize pollution of the Si surface. In the con-
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Figure 3.1: XPS analysis of Si samples just before (solid line), just after (dashed 
line) and 4 hours after spin etching (dotted line). The latter sample has been 
exposed to open air at room temperature during this period. The peaks represent 
the Sizs binding energy, being 99.15eV for Si-Si and 103.4eV for Si-0. 

ventional dip-etch procedures, pollutants that float on the etch solution might 
be adsorbed on the Si surface, while pulling the sample out. 

The complete sample cleaning procedure is described as follows. Firstly, the 
Si sample is oxidized in a boiling mixture of 1 part H20 2 (30 %) and 4 parts 
H2S04 (95 %, p.a.) for 1 minute to remove pollutants such as hydrocarbons. 
The sample is then rinsed in water and placed on the Teflon turntable. While 
rotating, first the back side and finally the polished front of the sample are 
etched drop-wise. The etch solution consists of of 5% HF (aq) (Baker MOS 
grade, concentration 4 7%) in alcohol and is freshly made before each etch 
procedure. The total amount of etch solution that is supplied per side of the 
sample is about 0.2 ml in a time of 30 s. In figure 3.1 the XPS spectra are shown 
of Si samples before etching, just after etching and 4 hours after etching. As 
can be seen, the etch solution removes all oxide from the Si. This situation is 
preserved for at least 4 hours in open air at room temperature. 

The amount of native oxide on the sample can be estimated as follows. The 
photo-electrons, induced by Mg Ko: photons (hv = 1253.7 eV), that arise from 
the Si-Si and Si-0 bond have an energy of respectively 1155eV and 1150eV. 
The escape depth for electrons with this energy is approximately 10 monolayers 
[11]. Assuming an equal sensitivity for the Si-Si and the Si-0 electrons, it 
comes out that 30% of these 10 outer layers exists of Si-0 bindings. The most 
likely interpretation is that the 3 outermost atomic layers are fully oxidized. 
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hot reactor cold reactor 
T (K) d (nm) T (K) d (nm) 

383 - 373 -
468 0.014 453 -
553 88 523 16 
613 82 543 16 
663 53 573 16 

623 19 
683 19 

Table 3.1: Final W layer thickness, produced by the WF6/Si-process at various 
temperatures after sample introduction in a reactor at either room temperature 
('cold reactor') or 770 K {'hot reactor'). The layer thickness has been derived 
from the RBS results, assuming a W density of 6.34 x I028 m-3 • 

3.2.3 Sample introduction 

While introducing the sample, the inner reactor wall is exposed to open air. 
During this time, water vapour can be absorbed by the baked-out inner reactor 
wall. A possibility to introduce the sample under inert ambient would require 
extreme modifications of the experimental set-up and is, therefore, rejected. 

To retard the water absorption, the tube is filled with Ar (99.999 %) prior 
to its dismounting. Moreover, because of the higher desorption rate at higher 
temperatures, it is advantageous to introduce the sample into a hot reactor 
tube. However, the high temperature will possibly remove the protecting H 
cap, thus allowing oxidation of the Si sample. 

To investigate the best introduction procedure, Si has been introduced into 
both a reactor at room temperature and a reactor at 770 K. The resulting 
W layer thickness, after deposition at various reaction temperatures, has been 
analyzed by RBS. 

Some representative RBS spectra, figure 3.2 and 3.3, show that the intro
duction in either a hot or a cold oven yields very different results. The W peak 
found at the sample that is introduced into the cold tube has a sharp shape. 
Moreover its height is less than expected for bulk W. This indicates that a 
sharp, thin layer is grown with a thickness smaller than the detection limit of 
the RBS detector. 

The W peak of the sample that has been introduced into a hot reactor 
is shaped very differently. The long tail at the low-energy side of the peak 
indicates a W gradient into the deeper layers. The area under the peak is 
much larger, which points at a much thicker W layer too. Using the simulation 
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Figure 3.2: RBS spectra of W layers on Si for samples that have been introduced 
into a reactor at room temperature. The RBS analysis is performed with 4 He+ 
ions at 2 MeV. The different layers have been grown at three different sample 
temperatures during the deposition. 
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Figure 3.3: RBS spectra of W layers on Si for samples that have been introduced 
into a reactor at 770 K. The RBS analysis is performed with 4 He+ ions at 2 MeV. 
The different layers have been grown at three different sample temperatures 
during the deposition. 
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Figure 3.4: Tungsten layer thickness as a function of deposition temperature, 
from various reports and completed with results from this thesis. Legend: o: 
this thesis, introducing the sample into a reactor at room temperature; •: this 
thesis, introducing the sample into a reactor at 770 K; a: Broadbent and Stacy 
(introduction into a cold reactor) [13]; b: Broadbent and Stacy (introduction 
into a hot reactor) [1]; c: Kwakman, with HF precleaning [2]; d: Kwakman, 
without HF precleaning [2]; e: Green et al. [6] (introduction into a hot reactor). 

program RUMP [12], and assuming a W density of 6.34 x 1028 m-3 , theW layer 
thickness can be estimated as shown in table 3.1. 

As mentioned in section 3.1, the difference in temperature dependence of 
the layer thickness is probably caused by a difference in surface condition. 
While introducing the sample into a hot oven, the surface has been oxidized. 
Already in 1984, Broadbent et al. have shown that introducing the sample into 
a cold oven results in temperature independent layers, whereas introducing the 
sample into a hot oven gives thicker layers at higher temperatures [1]. Green et 
al. remark that introducing the sample into a cold oven is only of academical 
interest, since in an industrial process cooling down an oven takes too much 
time [6]. As they introduce the samples into a hot oven, they find layers with 
a temperature dependent thickness. 

The temperature dependence of the layer thickness has been discussed by 
Hitchman et a/.[2]. They show that whenever special caution has been taken to 
prevent surface oxidation, the final layer thickness is independent of tempera
ture and in the range 15 - 20 nm. A slightly modified figure from their article, 
completed with the results of table 3.1, is given in figure 3.4. 

The state of the surface after introduction of the sample in either a hot 
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Figure 3.5: XPS analysis of spin-etched Si samples after introduction in either 
a reactor at room temperature (dashed line) or a reactor at 770 K (solid line). 
The peak in the spectra represents the Shs binding energy, being 99.15 eV for 
the Si-Si bond and 103.4eV for the Si-0 bond. 

or a. cold reactor ha.s been ana.lysed by XPS. In figure 3.5 the Si2s peak of 
samples after both introduction procedures is shown. The Si2s binding energy 
is 99.15eV for the Si-Si binding and 103.4eV for the Si-0 binding. It is obvious 
that the introduction of Si in a. reactor at room temperature does not lead to 
the oxidation of the surface. However, the introduction of the sample into a. hot 
reactor results in a high Si02 signal. Using the same procedure a.s described in 
section 3.2.2, this signal corresponds to approximately 2 monola.yers. 

The conclusion of the analysis described above is that the introduction 
of an etched Si sample into a hot reactor tube results in the formation of 
approximately 2 monola.yers of Si02. Using W-CVD, this yields tungsten layers 
with an irreproducible, probably unlimited thickness. The introduction of Si 
in a. reactor at room temperature prevents premature oxidation and yields 
temperature independent layers with a. thickness of 15 - 20 nm. Therefore, 
the Si samples are introduced into a cold reactor tube for all measurements 
throughout this thesis. 
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Figure 3.6: Typical time resolved mass spectrometer measurement at T = 575 K, 
with • =SiF4, o = WF6 and o = WOF4. At t = lOs WF6 is supplied to the 
reactor. The sample time per data point is lOOms. 

3.3 Results 

3.3.1 Time resolved mass spectrometry 

A typical time resolved mass spectrometer measurement is shown in figure 3.6. 
At t = lOs, WFs is supplied to the reactor. This is reflected by the rise of the 
WF 6 signal to a constant value. As for t < 10 s no gas flow is supplied to the 
reactor, the WF6 flow has to fill the reactor first. The WF6 signal is therefore 
described by 

(3.4) 

with r ~lOs. 
Together with the supply of WFs, a SiF4 signal is observed, indicating the 

start of the deposition. The signal for t < 10 s results from the residual gas in 
the mass spectrometer compartment. After a certain time (in figure 3.6 at 7 s 
from the supply of WFs), the SiF4 signal reaches a maximum, followed by a 
decay. This decay is expected, since the SiF4 production must stop once the 
deposited W layer has reached its final thickness. 

Note that in figure 3.6 the WOF4 signal is negligible. This is in contrast to 
figure 3. 7 where the water and 0 2 concentration in the reactor was unacceptably 
high, due to a leak in the vacuum system. In that case the SiF4 signal does 
not vanish after long exposure times of WF 6, which indicates that the W layer 
does not shield the underlying Si completely. This is in agreement with the 
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observation that thicker W layers are deposited in the presence of a.n initial 
surface oxide. 

The measurement of figure 3.8 has been taken in a situation where the 
Si sample has been omitted. It shows that the observed SiF4 signal really 
originates from a reaction with the Si sample and not from a reaction with the 
reactor walls. 

At other reactor temperatures, the main difference with figure 3.6 is the 
faster exponential decay at higher temperatures. Moreover, the maximum of 
the SiF4 signal also increases with increasing temperature. It comes out that 
the area under the SiF4 curve is independent of the temperature, since the 
steeper decay slope is compensated by a higher SiF4 maximum. This is a. very 
important result, because this area. is a measure for the total amount of SiF4 
that is consumed. In turn, this is directly proportional to the total amount of Si 
that is consumed, or, equivalently, for the total amount of W that is deposited. 

To illustrate this behaviour, the SiF4 curves at different reaction tempera
tures are given in figure 3.9 a.s a function of the exposure time. For an easy 
comparison, the time axis has been normalized to the decay time of the SiF4 
signal. Moreover, the signal axis has been multiplied by the same decay time, 
thus preserving the area under the curves. 

In this figure, the area under the SiF4 cnrves indicates that the amount 
of W is practically independent of the temperature. This is quite remarkable, 
realizing that the decay times range from 3 to 1400 s. This observation is in 
agreement with the RBS analysis, which shows a temperature independent 
layer thickness (table 3.1 ). 

The Arrhenius plot of the SiF4 decay rate, vs;F4, is shown in figure 3.10. 
For T < 570 K, the rate limiting step in the deposition is an energy activated 
process. A least squares fit yields 

E 

VSiFi = voe-~, 

E = 1.6 ± 0.2eV, 

vo = 1013 s-1 • (3.5) 

Above 570 K, the slope is less steep. This might indicate that another process, 
e.g. a transport controlled mechanism, becomes rate limiting. However, it is 
more likely that the fast decay is limited by experimental conditions, particu
larly the pumping speed. The upper limit vs;F4 ~ 0.1 corresponds to the time 
constant of the filling and the pump-behaviour of the reactor tube, equation 
3.4. When the WF 6 gas flow is stopped after the limited layer thickness has 
been reached, and is resumed after 5 minutes, no SiF4 is detected. This is 
another indication that the deposited layer is impenetrable for Si. 
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Figure 3.7: Time resolved mass spectrometer measurement at T = 575 K, with 
• =SiF4, o = WF6 and o = WOF4. At t =lOs WF6 is supplied to the reactor. 
Due to a leak in the vacuum system the WOF 4 concentration is unacceptably 
high. 
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Figure 3.8: Time resolved mass spectrometer measurement at T = 575 K, with 
• =SiF4, o = WF6 and o = WOF4. At t =lOs WF6 is supplied to the reactor. 
No Si sample has been placed in the reactor. 
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Figure 3.9: Time resolved mass spectrometer measurements of SiF4 at different 
temperatures. The time axis has been normalized on the exponential decay time, 
r, whereas the signal scale has been multiplied by r. Per curve, the SiF4 signal 
has been normalized to the final WF 6 signal. By this procedure, changes in the 
sensitivity of the mass spectrometer are eliminated. 

3.3.2 AES depth profiles 

To study the thickness and the composition of the W layers as a function of 
the WF 6 exposure, layers are deposited with various exposure times. AES, 
combined with 4 ke V Ar+ sputtering, was used to analyse the layers. The 
measurements are carried out on a Physical Electronics Model550 ESCA/SAM 
system. In order to achieve homogeneous sputtering and to minimize 'crater 
effects', the Ar+ beam has been rastered on a 2 x 2mm2 area, centered on 
the analysis spot. The analysis has been performed for layers grown at four 
different deposition temperatures. A typical set of depth profiles, for deposition 
at 540 K, is given in figure 3.11. 

The depth profiles show that, apart from a little Si segregation to the sur
face, the W and Si concentrations are more or less constant in the outer layers. 
As the WF 6 exposure increases, the Si concentration in the outer layers decreas
es in favour of the W content. At very long exposure times, the Si concentration 
in the outer layers reaches zero, as is also found by Kuiper et al. [4]. It is re
markable that the Si concentration in the outer layers is practically constant. 
Moreover, it has a value ranging from about 50% down to 0 %. These two re
sults rule out the model where Si is transported along pores or grain boundaries 
in a 100% W layer [4,5]. 

At the surface of the samples, 20% of a monolayer of 0 is found. Most 
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Figure 3.10: Arrhenius plot of the SiF4 decay rate, VSiF4 • The solid line is a 
least squares fit on the data points at T < 570 K, yielding an activation energy 
E == 1.6 ± 0.2 eV (equation 3.5). 

probably, this is an oxidized layer that is formed during the transport from 
the reactor to the AES apparatus. The amount of 0 within the layers is less 
than the detection limit of the AES system at the analysis conditions used. In 
contrast, a sample that is rejected on base of the WOF4 signal does show an 
0 content of 14% at the depth where the interface of Wand Si is supposed to 
be. A typical example of a rejected sample is given in figure 3.12. 

From the estimated depth scale, it follows that the layer with the constant 
concentration of Si en W is approximately 5 nm thick. The layer extends into 
the Si bulk by a nearly linear decrease of the W concentration. A logarithmic 
plot of the depth profile shows that the decrease of the W concentration is 
actually exponential from the point where the normalized W and Si signals 
are approximately equal. This tail might indicate a diffusion of W into the Si 
substrate but can also be caused by a sputter effect. Since the mass of W is 
4.6 times the mass of Ar, whereas the masses of Si and Ar are comparable, 
the Si will be preferentially sputtered. Moreover, due to recoil implantation, 
interfaces will be broadened in the depth profile. Taking the point where the 
normalized W concentration is 50%, for the longest WF6 exposure, results in an 
estimated layer thickness of approximately 15 nm. This is in accordance with 
the layer thicknesses found by RBS (table 3.1) and with reports in literature 
[2]. 
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Figure 3.11: AES depth profiles of W layers on Si, grown at 540 K at different 
WF6 exposures. The exposure times are indicated in the figures. The depth has 
been estimated using a sputter yield Y = 1.6, being the average of the sputter 
yields of 4 keV Ar+ on Si (Y = 1.3) and W (Y = 1.9) (14]. 
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Figure 3.12: AES depth profiles of a W layer on Si, where an initial surface oxide 
layer was present. The depth has been estimated using a sputter yield Y = 1.6, 
being the average of the sputter yields of 4 keV Ar+ on Si (Y = 1.3) and W 
(Y = 1.9) [14]. The maximum in the 0 signal indicates the depth where the 
initial surface is supposed to be. 

In the AES analysis no F is found. However, this result must be regarded 
with some scepsis, because several external reasons can be summed up to ex
plain the absence of F. Due to the electron bombardment, required for AES 
analysis, F will be removed by electron induced desorption. Besides this effect, 
F might be removed during the cooling down of the reactor and the transport 
to the AES apparatus. 

Apart from the exposure times, the depth profiles at different reactor tem
peratures are comparable to figure 3.11. Especially at large WF 6 exposures, 
the profiles are equal within experimental error. This again indicates that the 
final layer thickness is independent of the temperature. Moreover, the reaction 
mechanism seems to be the same for the different temperatures. 

When the Si concentration in the outer layers is plotted as a function of 
the WF6 exposure time, it also decreases exponentially in time. In figure 3.13 
both the Si concentration in the outer layers and the SiF4 production are given 
as a function of time. It follows that the exponential decay rate of the Si 
concentration is equal to the corresponding SiF4 decay rate. Apparently, the 
reaction rate is directly proportional to the amount of Si in this layer. This 
gives rise to the idea that on top of the Si sample a kind of reaction layer 
of Si and W is present. The limited layer thickness is reached once the Si 
concentration in this reaction layer has vanished. 
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Figure 3.14: Arrhenius plot of vsh the decrease rate of the Si concentration in the 
reaction layer. The data. point at 650 K is a lower limit for VSi· The solid line is a. 
least squares fit for the three data points at T < 600 K, yielding E = 1.6 ±0.1 eV 
(equation 3.6). 
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For the exponential decay rate of the Si concentration, again an Arrhenius 
plot can be drawn, as shown in figure 3.14. The point at 650 K is estimated to 
be a lower limit for the decay time at that temperature. In this case, already at 
the shortest exposure time (1 s) theW layer had reached its limited thickness. 
A least squares fit of the other data points yields, 

E 

VSi = v0e -k'l' , 

E = 1.6±0.1eV, 

vo 10ta s-t . (3.6) 

Although the data points are rather few, this figure illustrates the correlation 
between the production of SiF4 and the Si concentration in the outer layers. 

The following experiment is carried out to check whether the final W layer is 
closed for Si diffusion. Using the normal procedure, a W layer is deposited on Si 
at 589 K, with an exposure time of 150 s. The mass spectrometer signal shows 
that the SiF4 production is negligible from 60s. It can therefore be assumed 
that the deposited layer has reached its limited thickness. Immediately after 
the WF 6 exposure, the heater is turned off and the reactor is cooled down 
rapidly by a fan. 

When the sample has been at room temperature for 30 min, the heater is 
turned on again. Being still in the evacuated reactor, the sample is heated for 
the second time, to the higher temperature of 7 45 K for 30 min. 

Finally, the sample is cooled down again and analysed by AES, combined 
with depth profiling. This shows no signs of Si segregation due to the additional 
heating. However, heating a W covered Si sample to 600 K during the depth 
profiling shows a rapid Si segregation as soon as Si becomes visible at the 
surface. This indicates that for T > 600 K Si segregation is profitable and 
rapid. The conclusion is that the final W layer is impenetrable for Si, for Si 
segregation only occurs after sputtering of this layer. 

3.4 Discussion 

3.4.1 Introduction 

One of the earliest explanations for the limited nature of the W layer thickness 
is the so called 'pinhole' theory, proposed by Broadbent et al. [1]. In this 
theory, W nucleation starts on reactive sites and grows both laterally and in 
depth. When the W nuclei reach each other, the growth stops and the limited 
thickness is obtained. According to this theory thicker layers are obtained in 
the case of an initial surface oxide, because of the lower density of reactive sites. 
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The main advantage of the pinhole theory is that it can explain the thicker 
layers in case of an initial native oxide. However, as mentioned in section 3.1, 
the model does not have to explain the 'native oxide' case, since in that case 
{3-W is found. Moreover, the theory contains an intrinsic contradiction, as 
discussed by Green et al. [6]. The contradiction is the fact that on the one 
hand Si diffuses through theW nuclei, causing only the nuclei to grow. On the 
other hand, the Si diffusion through the W nuclei is supposed to stop when the 
W nuclei reach each other. 

Based on the observations of the Arrhenius type W layer thickness, another 
model for the growth has been proposed [4,5]. The basic idea in this model is 
that on the Si substrate a nearly closed W layer is deposited. Si will segregate 
along the pores and grain boundaries in the W layer to the surface. The 
Si diffusion to and over the surface is supposed to be very fast, such that the 
complete surface is covered with Si. At the surface, Si reacts with WF 6 forming 
SiF4 and W. This results in a layer-by-layer deposition of W on Si. The rate 
limiting factor is in first instance the diffusion of WF 6 to the surface. The 
reaction stops when the transport of Si through the pores is not sufficient to 
meet the SiF4 production at the surface. At that moment, the W deposition is 
extended from the surface into the pores. This will dose the pores by W and 
thus stop the deposition process. The Arrhenius type behaviour results from 
the temperature dependency of the Si transport through the pores. 

The relatively thin layers, obtained in hot wall reactors, are in this con
text contributed to the formation of tungsten oxides at elevated temperatures 
[4]. These oxides will obstruct the pores and stop the reaction. This effect is 
assumed to be pronounced in hot wall reactors, because of the desorption of 
water from the hot reactor walls. 

It has been shown that the pore model describes the behaviour in cold wall 
reactors fairly well [5]. However, it is rather unsatisfactory to explain the cold 
wall behaviour by contamination, for it is then very fortuitous that in different 
studies always the same thickness of 15 20 nm is obtained. Moreover, the 
depth profiles, presented in this thesis, show that in the early stage of the 
growth the outer layers consist of both W and Si in comparable amounts. This 
contradiction with the pore model indicates that the hot wall behaviour is 
described by another model. 

In the article of Leusink et al. [5], the origin of the different behaviour can 
be found. Their model requires that the WF 6 diffusion to the surface is slow as 
compared to the Si diffusion to and over the surface and to the reaction of Si 
and WF6 . In their experiments, these conditions are met indeed because they 
use a diluted mixture of WF6 in Ar. Moreover, due to thermo-diffusion in their 
cold wall reactor, the concentration of WF6 near the surface is even lower than 
expected on base of the gas mixture. These factors make the supply of vVF 6 
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the rate limiting step in the reaction, as required. 
However, in their article they also present experiments that are performed 

at a higher WF 6 pressure. These experiments meet the conditions that are used 
in this thesis. The results deviate strongly from their model. The experimental 
layers only vary from 14nm to 50nm in this case, whereas the model predicts 
a variation from 7nm to 140nm, respectively. 

The comparison between the observations of Leusink et al. and the results 
presented in this thesis, show that the concentration of WF 6 above the Si 
sample is a crucial factor. More precisely, it is likely that the observations 
presented in this thesis are caused by an excess of WF 6 • 

With this idea in mind, the results will now be discussed. It will be shown 
that the observations lead to the concept of a 'reaction layer' (section 3.4.2). In 
this concept, the process is not as much a layer-by-layer growth using surface 
reactions. Rather, it is a homogeneous reaction process that involves many (in 
the order of 80) atomic layers. This reaction layer is mainly maintained by the 
presence of F and is characterized by a large mobility of the diffusing species. 
Reactions of species in this layer lead to two final states, being volatile SiF4 

and metallic W. 
Using this reaction layer concept, a model for the growth of W will be given 

in section 3.4.3. A very simplified mathematical description of this model will 
be given in section 3.4.4. A least squares fit of this model to the measurements 
supports the reaction layer concept. 

3.4.2 Reaction layer 

The observations from both the mass spectrometer analysis and the AES depth 
profiles lead to the following conclusions for the mechanism for the deposition 
of Won Si by the reaction between WF6 and SiF4 : 

• The initial growth is dominated by in-depth growth of W in Si, as indi
cated by the AES depth profiles. 

• The continued growth is dominated by the more lateral growth of W. 
The depth of W in Si stays approximately constant at 15 - 20 nm in this 
stage. This is indicated by the AES depth profiles. In the outer 5 nm of 
the sample, the concentrations of both Si and W are homogeneous. 

• The production of SiF4 in the continued growth regime is directly pro
portional to the concentration of Si in the outer layers. Therefore, the 
Si concentration in these layers decreases as an exponential function of 
time. The decrease of the Si concentration in the outer layers is compen
sated by an increase in the W concentration, for the required F atoms 
are supplied by WF 6· 
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• Once the W concentration in the outer layers has reached 100%, the 
reaction stops. 

• The deposited W layer acts as a diffusion barrier for Si. 

• Both the in-depth growth rate of W and the production rate of SiF4 have 
a strong temperature dependence. However, the final layer thickness is 
independent of the temperature. 

• The production rate of SiF4 is an energy activated process. The observed 
reaction rate of 1013 s-1 is typical for :first order surface reactions. 

The fact that in the initial stage of the growth W already penetrates to 
relatively large depths into the Si, indicates that some kind of diffusion of W 
through Si must be possible. This could also be supported by the exponential 
nature of the tail of the W concentration into the Si. However, the W penetra
tion into the Si sample deviates from regular diffusion once the homogeneous 
concentration in the outer 5 nm of the sample is observed. Apparently, in these 
outer layers, the diffusion of W is more rapid, such that gradients are cancelled. 
This indicates that the state of W and Si in these outer layers differs from their 
normal states. More support for this idea is the fact that the Si also seems 
to be labeled in some way. This is indicated by the observation that the con
sumption of Si in the outer layers, i.e. the production of SiF4 , is proportional 
to its concentration in these layers. In some way, the Si in the outer layers is 
predestined to form SiF4 • This predestined Si is isolated from the Si deeper 
in the substrate. Since :finally the W layer prevents the transport of Si to the 
surface, it can be assumed that the formation of W is an important factor in 
the isolation of predestined Si. 

The obvious agents for the labelling of Si are the F atoms. These F atoms 
must also be responsible for the homogeneous concentration in the outer layers. 
Although in the considerations above, the atoms W, Si and F are referred to 
as separate atoms, it is unlikely that this is close to reality. More realistic is 
the assumption that W and Si atoms are mutually bound and that F atoms 
terminate the dangling bonds. Therefore, wherever W or labelled Si is referred 
to, in fact a bound state of these atoms is more likely. 

The conclusion of the discussion above is the concept of a 'reaction layer' 
that controls the growth process. This reaction layer is a solid state, consisting 
of W xSi11 F z species, that allows rapid diffusion. The W xSi11 F z species contin
uously interact, forming new combinations of W, Si and F atoms. The main 
factor for the existence of the reaction layer are the F atoms, that terminate 
the dangling bonds and thus prevent clustering. The high mobility in this layer 
causes the homogeneous W and Si concentration in the outer layers. 
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The F atoms are primary supplied by WF 6 • After adsorption, WF 6 will 
penetrate into the reaction layer. On its way in, it will loose F atoms to Si 
and W xSiyF z· From reactions between the W xSiyF z species themselves and 
with WF x species, finally solid W and volatile SiF4 is formed. Both products 
will break down the reaction layer, for solid W is a diffusion barrier for Si and 
F atoms and the volatile SiF4 depletes the essential F concentration in the 
reaction layer. However, as long as the F concentration is high, the W atoms 
are prevented from clustering to a complete W layer. This will allow all Si 
and F atoms in the reaction layer to react, forming SiF4 • Once all F atoms 
are removed, the W clusters will form a dosed W layer, that prevents further 
reactions between WF 6 and the Si substrate. 

The fact that the production of SiF4 is a first order solid state reaction 
supports the assumption that the reaction layer is maintained by an excess of 
F. 

The first formation of W-W bonds will be preferable at places with a low 
F concentration, i.e. at the interface of the reaction layer and the Si substrate. 
This will determine the final layer thickness, being the depth where WF 6 has 
lost all its F atoms on its way into the Si substrate. It is not surprising that the 
final thickness is independent of temperature. At higher temperatures it will be 
reached earlier, but its absolute value is rather determined by the penetration 
depth. 

A requirement for the build-up of a reaction layer is an excess of F atoms. 
These can only be supplied by WF 6 • Therefore, the reaction layer will only be 
established when the supply of WF 6 is much faster than the production of SiF4 

and W-W bonds. In that case, sub-fluoride species are formed in the outer 
layers before SiF4 drains the F atoms again. Once this condition is violated, 
metallic W is formed in an earlier stage of the growth. As supposed by Leusink 
et al., this W layer is not completely closed, but allows Si diffusion to the 
surface [5]. Their description of the process is only valid for the case that the 
supply of WF6 is the rate limiting factor in the process. 

The reaction layer concept is in agreement with the observations on the 
etching of Si by XeF2 [16,17,18]. Yarmoff and McFeely detected by soft X-ray 
photo-emission spectroscopy (SXPS) that SiF x, x = 1 - 4, is formed in the 
outer layers of a Si (111) sample [16]. They estimate a reaction layer thickness 
of about 7 monolayers whereas others find a layer thickness up to 15nm [18]. 

3.4.3 Model 

The growth of Won Si, using the reaction between WF6 and Si, can be visu
alized to proceed along to the following steps (see figure 3.15): 

• WF 6 adsorbs on the Si surface. 
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Figure 3.15: Model for the growth of Won Si using the reaction between WF6 
a.nd Si. Four stages in the growth a.re drawn. The first interaction between the 
WF 6 and the Si crystal will be the dissociative adsorption of WF 6 (a.). The next 
step is the break-up of the Si substrate by the formation of SiF :c and W :cSiyF z· 

This allows WF 6 to penetrate the surface (b). In this way, a. reaction layer of SiF :c 

and W :cSi11F z species will be formed. These species will interact continuously. 
At the interface of the reaction layer and the Si substrate, W atoms will tend to 
cluster due to the depletion ofF atoms at the interface. Moreover, volatile SiF4 
will drain F atoms (c). The clustered W atoms will prevent further extension of 
the reaction layer. The reaction layer will be converted into a metallic W layer 
by the formation of SiF4 and W-W bonds (d). 
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• Adsorbed WF 6 reacts with the Si crystal by breaking the Si-Si bonds and 
forming non-volatile W xSi11F z and SiF z species. 

• WF 6 molecules can diffuse through the reaction layer of W .,Si11F z species 
to the Si interface. On its way in, WF 6 will react with the Si crystal and 
the W xSi11F z and SiF z species, thus loosing F atoms. 

• As a result ,of the reaction of the W xSi11F z and the SiF z species with 
each other and with WF .,, all kinds of new species will be formed with a 
different content of W, Si and F atoms. Finally, metallic W and volatile 
SiF4 will be formed. 

• Metallic W has a dose-packed structure and will therefore be impenetra
ble for F and Si. It will thus stop both the WF x diffusion through the 
reaction layer towards the Si substrate and Si diffusion from the substrate 
to the surface. 

• The formation of larger W clusters will be preferably at points where 
the F content of the W .,Si11F z species is low, being principally at the 
interface of the reaction layer and the Si substrate. Since the W dusters 
will terminate the in-depth growth of the reaction layer, this is the main 
reason for the limited layer thickness. 

• The reaction stops once all W xSi11F z species have reacted towards solid 
W and volatile SiF4 • It is not possible to get a closed W layer as long 
as F atoms are present in the reaction layer. Because the F atoms are 
supplied from the surface, their concentration will be large at the surface, 
and decrease into the reaction layer. Therefore, the outer reaction layers 
will be closed last. For this reason, it is unlikely that W xSi11F z species 
will be encapsulated in the finally deposited layer. 

3.4.4 Mathematical description 

A mathematical description of this model would require a complex set of differ
ential equations describing the mutual reaction of all different W xSi11F z species 
and their transport through the reaction layer as a function of place and time. 
Such a kind of problem can only be solved numerically. However, due to a large 
amount of assumptions that have to be made in this case, it is doubtful whether 
this complete numerical approach will give any new insight in the deposition 
process. Therefore, an extremely simplified description will be given, to show 
that the proposed model can explain the experimental results. 

In this simplified description, it will be assumed that the reaction layer 
thickness is fixed and that the concentrations of all species in this layer are 
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homogeneous. The homogeneity of the concentration must be conceived as 
an average description of the reaction layer. The a priori assumption of the 
final layer thickness differs in some way from the model. There, the final 
layer thickness is determined by the competition between the formation of 
W xSiyF z species and the in-depth diffusion forming finally solid W. However, 
this metallic W barrier layer at the Si-substrate interface fairly agrees with the 
a priori assumption of the final layer thickness. 

For simplicity, it is assumed that only one kind of intermediate species is 
formed. This species will be indicated by its average stoichiometric ratio as 
W xSiF 4. The formation of the intermediate species and the successive reaction 
towards metallic Wand SiF4 are given by 

Si + xWF6 --+ WxSiF4 , 

WxSiF4 --+ xW +SiF4. 

(3.7) 

(3.8) 

From these equations it follows that x = ~'indicating that the final amount of 
deposited W will be only a fraction of ~ of the amount of consumed Si. It will 
be assumed that the diffusion of WF 6 through the reaction layer is very rapid 
as compared to the reaction rate and that its supply is saturated. Therefore, 
the production of W xSiF 4 is independent of the WF 6 concentration. 

Conservation of the total amount of species in the reaction layer is described 
by 

1 
Ntot = Nsi + Nw,.SiF4 + -Nw , (3.9) 

X 

where Nsi, Nw ,.SiF4 and Nw are the number of unreacted Si atoms, intermediate 
species and W atoms, respectively. The time evolution of Nw ,.SiF4 is described 
by the differential equation 

(3.10) 

where Vprod and Vdis are the rates for the production and disproportionation of 
the WxSiF4 species, respectively. The production of Wand SiF4 is described 
by the disproportionation of W xSiF 4, according to 

(3.11) 

Taking the derivative of equation 3.10 and substituting equation 3.11 yields 

(3.12) 
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with the solution 

for V = Vprod = Vdis , 

for Vprod =/= Vdis • 
{3.13) 

The values C and C' follow from the Si mass balance, i.e. the total amount of 
SiF4 that is produced must be equal to the initial amount of Si in the reaction 
layer. This yields 

00 00 

Ntot = j isiF4 dt = Vdis j Nw,SiF4 dt 
0 0 

{ 
Cp for V = Vprod = Vdis , 

= 1 Vdis - Vprod _J. 
C for Vprod 1 Vdis , 

Vprod 
(3.14) 

such that 

{ 

Nt0 tV2te-llt for V = Vprod = Vdis , 

isiF4 = 1\T VrusVprod ( -II dt -lid' t) E _J. 1Vtot e pro - e '' tOr Vprod 1 Vdis · 
Vdis- Vprod 

(3.15) 

This mathematical description is verified by a least square fit on the mea
sured SiF4 signals for reaction temperatures T < 570 K by the model functions 

SsiF4 = Bote -lit {3.16) 

and 
S _ S' (e-llprodt e-lldi•t) SiF4- 0 - (3.17) 

The results of these fits indicate that Vprod = Vdis· This means that the rate 
for the formation of the reaction layer is equal to the rate for the production of 
SiF4 and W from the reaction layer. This is not unlikely, assuming that in both 
cases the rate limiting step is the transfer of F atoms and the re-organisation 
of Si-Si and W -Si bonds. 

Figure 3.16 shows that the fit parameter 80 is proportional to v2
• This 

is in agreement with equation 3.15, provided that total amount of atoms in 
the reaction layer, Ntot, is constant. It thus again illustrates the temperature 
independence of the final layer thickness in the experiments. 

Although the mathematical description is very simplified, it can be con
cluded that the concept of a two-step mechanism seems to be correct. 

The absolute value of the final layer thickness can be made more plausible 
by the following crude estimate. When it is assumed that some kind of diffusion 
process is responsible for the transport of W into the substrate, then a typical 
length is given by 

(3.18) 
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Figure 3.16: Relation between the fit parameters So and v from a non-linear 
least squares fit of the model f(t) = S0 te-vt on the measured SiF4 signals 

where D is the diffusion coefficient and T is a typical time. The typical length, 
being the final layer thickness, is approximately 15 nm. A typical time is the 
time to reach the top of the SiF4 production curve. This time, equal to the 
decay time, varies from 1 to 103 s for T = 500 - 570 K. With these typical 
values, the diffusion coefficient varies from 10-17 to w-20 m2 s-1 ' respectively, 
being very reasonable values for the diffusion of impurities in Si [19]. 

3.5 Conclusion 

The chemical vapour deposition of W on Si by the reaction of WF 6 and Si 
has been studied using in situ time-resolved mass spectrometry, Rutherford 
Backscattering and Auger Electron Spectroscopy combined with Ar+ sputter
ing. It has been found that the W layers have a thickness of 15 - 20 nm, 
independent of the reaction temperature. The initial Si surface must be free of 
silicon oxides, which puts severe demands on the sample preparation and the 
experimental process. A spin-etch method to remove the native silicon oxides 
and a proper bake-out of the reactor appears to fulfil these demands. 

As soon as the Si sample is exposed to WF6, the production of SiF4 is 
observed. This production increases to a maximum, followed by an exponential 
decay in time. Both the increase of the SiF4 production and the exponential 
decay are strongly temperature dependent. An Arrhenius plot of the decay 
constant show an activation energy of 1.6 ± 0.1 eV and a maximum rate of 
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1013 s-t. 

The AES depth profiles are taken after various exposures to WF 6 • They 
show that initially W penetrates the sample to a depth of several nanometers. 
At any depth in the sample, the W concentration is less than the Si concen~ 
tration. At increasing WF 6 exposure, the penetration depth of W remains at 
about 15 nm, while the W concentration in the outer layers increases at the 
expense of the Si concentration. Once the W concentration in the outer 5 nm 
has reached 100 %, the reaction stops. The Si concentration in the outer layers 
is directly proportional to the SiF4 production. 

The observation of both the time dependence of the production of SiF4 , 

and the depth profiles of incomplete W layers point in the direction of an 
intermediate reaction layer. This layer is formed due to an excess ofF atoms, 
supplied by WF 6 . The layer is assumed to consist of all kinds of W :~:SiyF z 

species. Its thickness is in the order of 80 atomic layers. The reaction layer is 
converted into a metallic W layer by the formation of W-W bonds and volatile 
SiF4 from the W xSiyF z species. The W-W bonds are in first instance formed 
at the interface of the Si substrate and the reaction layer. They prevent both 
the further extension of the reaction layer into the Si and the diffusion of Si to 
the surface. This causes the layer thickness to be limited. 

The reaction layer model describes the observed SiF4 production as a func
tion of time fairly well. A simplified mathematical description of the model fits 
perfectly to the measured SiF4 signals. The fits show that the production rate 
of the reaction layer and the conversion rate of the layer into W and SiF4 must 
be approximately equal. 

It is proposed that a final layer thickness that does depend on the temper~ 
ature, as reported in literature, occurs when the supply of WF 6 to the sample 
is the rate limiting factor. Due to the relatively low F concentration in that 
case, a reaction layer will not be formed. The deposition process then follows a 
different reaction scheme that leads to the Arrhenius-type final layer thickness. 
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Chapter 4 

The reaction of WF 6 and SiH4 
on Si02 

4.1 Introduction 

The Chemical Vapour Deposition of W using the reaction between WF6 and 
SiH4 is widely regarded as a very promising approach to deposit Won Si for use 
in ULSI applications. This has led to a large effort in the investigation of both 
the deposition process and its applications [1-5]. The main advantage of this 
reaction with respect to the WF 6/Si process is the fact that, when using SiH4 

as reductant, both the Si consumption is prevented and the layer thickness is 
not limited. The advantage of SiH4 with respect to the reductant H2 is its high 
growth rate [6]. Recently, also GeH4 has been proposed as a useful reductant 
[7]. The advantage of SiH4 with respect to GeH4 is the possibility to deposit a
W below 700 K. The a-W structure is preferred to the (3-W structure because 
of its lower resistivity. Moreover, the SiH4 process has a better selectivity than 
GeH4 to deposit W exclusively on Si and metals and not on Si02. 

Concerning this selectivity, the deposition is reported to occur selectively 
on Si and on Wand not on Si02 for a ratio Si~/WF6 < 1 [8-11]. It has been 
suggested that firstly the reaction between WF 6 and Si occurs, resulting in a 
selectively deposited W layer [12,13]. The successive reactions occur exclusive
ly on W, thus preserving the selectivity. Two overall reaction equations are 
reported for the WF 6/SiH4 process. The first is suggested by Yu and Eldridge, 
being [12] 

2WF6 + 3SiH4-+ 2W + 3SiF4 + 6H2. ( 4.1) 

In their molecular beam experiment, they only checked the H2, SiF2, SiF4 and 
HF production. They did not find the production of SiF 2 and HF below 870 K. 
In addition, Kobayashi et al. found the production of SiHF3 by in situ infrared 
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spectroscopy [10,14]. This product could result from the overall reaction 

(4.2) 

They estimate that the production of SiF4 is less than 25% of the production of 
SiHF3 • Several attempts have been made to study the kinetics of the WF6 /SiH4 

process. Most are made in the mass transport limited regime. These studies 
regularly find a deposition rate that is of first order in the density of SiH4 , 

independent of the density of WF 6 and independent of the temperature [6,9,15]. 
However, more careful studies find that the growth rate is of the second order 
in the Si~ density and inversely proportional to the WF6 density [16,17]. 

In this chapter, a fundamental study of the basics of the WF6/SiH4 process 
will be presented. The study will focus on the loss of selectivity. In section 4.2 
an overview will be given of the reports on the loss of selectivity. In section 
4.3 the experiments will be described that are carried out to study the reac
tion of WF 6 and SiH4 with only Si02 as a substrate. The use of exclusively 
these three materials, i.e. omitting metallic and Si areas in the reactor, reduces 
the number of parameters that have to be taken into account in the analy
sis. In section 4.4 new results will be presented that are achieved by in situ 
time-resolved mass spectrometry. In section 4.5 the analysis of the deposit by 
low-energy ion scattering (LEIS), Auger electron spectroscopy (AES), X-ray 
photo-electron spectroscopy (XPS) and scanning electron microscopy (SEM) 
is presented. Section 4.6 gives the stationary behaviour of the process. The 
results are summarized in section 4. 7. On basis of these results it will be shown 
that the reactions that induce the loss of selectivity during the WF6/SiH4 pro
cess are intrinsic to the presence of a Si02 surface. A model for the growth of 
metallic W particles, starting from the loss of selectivity, will be presented in 
section 4.8. In section 4.9 the numerical results of the model will be compared 
to the measurements. Finally, the conclusions of the study will be summarized 
in section 4.10. 

4.2 Loss of selectivity- an overview 

The loss of selectivity during tungsten CVD on Si with respect to Si02 is 
generally first observed at places where Si02 borders on Si or metallic areas 
[18,19]. This effect is, therefore, also referred to as the 'proximity' effect (20]. 
Wilson et al. have shown that the loss of selectivity depends on the kind of 
insulator [18]. They have studied the deposition on Si02, 3% phosphorus doped 
silica glass (PSG), and silicon nitride (SbN4 ) with the WFa/H2 process at 
780 K. It comes out that PSG is always resistant against the loss of selectivity, 
and that Si02 is resistant when W is the adjacent material, but selectivity is 
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lost when Si is the adjacent material. Loss of selectivity is always observed on 
Si3N4• The loss of selectivity was found to be independent of the specific type 
of Si02 [6]. The large effect of only 3% of phosphorus in Si02 can probably 
be explained by a lower surface energy of phosphorus oxides, leading to the 
segregation of these oxides to the surface. 

These observations are confirmed by McConica et al. for the temperature 
regime of 510 - 650 K [19]. They find the loss of selectivity to be an auto
catalytic process, starting at the edges of an oxidized Si wafer. This initial 
deposition is explained by the presence of the underlying Mo heater block. Once 
W is deposited on the edges, the deposition extends towards the center of the 
wafer. This process appears to be energy activated, with an activation energy of 
1.2eV. From the Arrhenius plot in their article, a maximum nucleation rate can 
be derived of 2 x 1012 s-1 at a WF 6 density of 6. 7 Pa. This high rate indicates 
that a surface reaction is involved in the rate limiting step, as is also expected 
from the auto-catalytic behaviour. Supplying only WF 6 to the oxidized wafer 
results in a visible change in color, starting at the edges. Ellipsometry shows 
that in that case the refractive index differs from the regular value for Si02• 

An XPS analysis of this sample after 2 h of WF 6-exposure, gives a surface 
composition of 4% W and 4% F. 

From the proximity effect it is concluded that some volatile intermediate 
must be responsible for the loss of selectivity. The identification of this inter
mediate has been extensively investigated by Creighton [21-20]. This study 
has been performed in an UHV system, equipped with AES, XPS, and TPD. 
In his experiments, a WF 6 flow is led over a tungsten foil at 870 K at a pressure 
of 0.6 Pa. A few centimeters downstream of the tungsten foil, a Si02 sample is 
placed. This sample is usually at room temperature, but can also be cooled to 
approximately 220 K. During a period of 45-90 min, products that are formed 
by WF6 on the hot W foil are collected on the Si02 sample. 

The conclusion of this study is that the loss of selectivity is caused by the 
formation of volatile WF$ species on the hot W foil, most probably WF5 • Its 
formation is strongly temperature dependent with an activation energy of 1.03± 
0.04eV. The production is negligible when theW foil is at room temperature. 
After adsorption on the Si02 surface, the WF5 reacts to a product with a ratio 
W:F = 1:4. Successive heating to 573 K results in the formation of volatile 
WF 6 and a W deposit on the SiO;z surface. The net effect of this process is 
that W is transported from the foil to the Si02 sample. Creighton suggests 
that the difference in loss of selectivity for various types of insulators is due to 
either a difference in adsorption energy or a chemical deactivation of the WF5 

molecule by the surface atoms. 
The role of WF 5 as the instigator of the loss of selectivity is made more 

plausible by McFeely et al. [25]. They investigated the difference in adsorption 
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ofTaFs and WF6 on Si02. Whereas WF6 does not adsorb on Si02 or polymide 
surfaces, TaF 5 does. Their explanation is that the fully coordinated WF 6 ad
sorbs only in a dissociative mode. This requires the rupture of strong bonds of 
both the substrate and the adsorbing molecule. The TaF5 molecule, however, 
obtains the sixfold coordination only by clustering or adsorption. This explains 
its strong adsorption on Si02 and polymide surfaces. 

For the case of the WF 6 /SiH4 process, it is reported mostly that the depo
sition is selective for SiH4 /WF6 < 1 [8-11]. 

ltoh et al. show that for SiH4 /WF6 = 0.6 at T = 590 K the growth of 
W on Si02 occurs, but at a rate of a factor 104 lower than the deposition of 
W on Si at the same conditions [13]. In their article, it is not clear whether 
hot metal surfaces are placed near the Si02 sample. The deposition rate on 
Si02 is approximately 6 x 1015 m - 2 s-1 in their case. The total pressure in their 
system is not mentioned. They suggest that the loss of selectivity is induced by 
dissociative WF6 adsorption, what explains the dependence on the substrate. 

As mentioned in section 4.1, Kobayashi et al. have shown that SiHF3 is 
the main product in the WF6 /SiH4 process [14,10]. They found that the SiF4 

production is only 20- 25% of the SiHF3 production at 570 K. When the Si 
substrate is replaced by an oxidized wafer, they observe a decrease in the SiHF 3 

production, while the SiF4 production is not affected. After a WF 6 exposure 
of 4 min, no W deposit is observed on the Si02 wafer by AES. The production 
of SiHF3 and SiF4 is ascribed toW deposition on the Mo wafer holder. Their 
conclusion is that the SiF4 production is less sensitive to the substrate than the 
SiHF3 production. They explain this difference by the statement that for the 
production of SiHF3 atomic H is required. They implicitly assume that after 
adsorption on either a W- or a Si02-surface, SiH4 will dissociate into H2 (g) and 
Si. The formed H2 will dissociate on W, but not on Si02. Furthermore, they 
suggest that the dissociative adsorption of WF 6 will be only weakly dependent 
on the kind of substrate. Therefore, the production of SiHF3 will exclusively 
occur on W surfaces, whereas SiF4 is produced on both Wand Si02 surfaces. 

This model is neither consistent with their own observations, nor with the 
report of McFeely et al. [25]. In spite of the fact that they assume that the 
SiF4 production is at least 20% of the SiHF 3 production, they do not observe 
W deposition on the Si02 wafer. Furthermore, McFeely et al. have shown that 
WF 6 does not adsorb dissociatively on Si02• A major problem in the study 
of Kobayashi et a/. is that the observed reaction products may also arise from 
reactions on the hot Mo support of the wafer. 

In another study of the group of Kobayashi et al. it is suggested that the loss 
of selectivity is induced by a molecule that is formed in a gas phase reaction 
[26]. These experiments are performed at room temperature and at partial 
reactant pressures of about 4 Pa. This reaction is only observed for a ratio 
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SiH4 /WF6 > 1.3, and is accompanied by a visible luminescence. The gaseous 
products that are found are Hz, SiHF3 and SiF4 and the conversion of SiH4 is 
estimated to be 60 - 70 %. 

At ratios SiH4/WF 6 < 1.3 the production of SiHF 3 and SiF4 disappears 
completely. It is not mentioned whether the luminescence also disappears. 
This complete disappearance of the gas phase reaction is, according to the 
authors, due to the fact that a surface reaction becomes dominant. 

In general, the explanation that a surface reaction becomes dominant over 
the gas-phase reaction at certain experimental conditions is quite reasonable. 
However, in this case the explanation is rather surprising and in contradiction 
with two of their own observations. Firstly, the surface reactions also produce 
SiHF3 and SiF4 [10], leaving thf"l disappearance of these products unexpected. 
Secondly, the surface reactions will hardly occur at room temperature and thus 
will not easily become dominant [10]. Finally, it is surprising that the gas phase 
reactions dominate in the regime where the partial reactant pressures are the 
lowest. 

Summary 

The observations, reported in the literature on selectivity loss during W CVD, 
can be summarized as follows. The loss of selectivity can be induced by volatile 
WF :r: molecules, most probably WF 5 • The production of WF 5 requires a re
action where one F atom is transferred from the WF 6 to another molecule. 
The dissociative adsorption of WF 6 on a W surface is a possible reaction path 
for the formation of WF5 • In this case the activation energy is about l.OeV. 
The dissociative adsorption is not observed on Si02• The fact that the loss of 
selectivity is induced by a WF 5 molecule is supported by the easy adsorption 
of TaFs on Si02. The loss of selectivity is sensitive for the type of substrate, 
such that on phosphorus doped silica glass (PSG) noW deposition is observed, 
while W deposition is observed on Si02 • 

Studies on the loss of selectivity during the WF 6 /SiH4 process indicate that 
selective deposition is possible for SiH4/WF 6 < 1. The selectivity must then be 
taken as a growth rate on Si02 that is a factor of 104 lower than the growth rate 
on W. It is not clear what the role of hot adjacent metal surfaces, in other words 
the proximity effect, is in these studies. In a new study, this proximity effect 
must be ruled out beforehand. A suggestion is made that for SiH4 /WF 6 > 1.3, 
at relatively high partial pressures, a gas phase reaction induces the loss of 
selectivity. However, the study that gave rise to this suggestion contains some 
contradictions. In order to avoid this situation, the experiments will be carried 
out in the regime SiH4/WF 6 ~ 1.3, and at lower partial pressures. 
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P ~ Qtot T [WF6] [SiH4] Vgas 

(Pa) 1018 s-1 ) (K) (x1020 m-3) ( x102o m-3) (ms-1) 

46 2.2 570 3.6 0.55 11 
46 2.2 470-1130 3.6 (0.16 - 0.55) 11 
62 4.3 570 (2.5- 5.1) (0.38 - 0.67) 16 
140 2.2 570 11 (0.41- 1.7) 3.6 
300 2.2 570 24 (0.87- 3.7) 1.7 

Table 4.1: Standard conditions (upper line) and variation of parameters for 
experiments on WF6 and SiH4 

4.3 Experimental 

All experiments are performed in the mass spectrometer set-up, described in 
chapter 2. In these experiments, no Si sample is placed in the reactor tubes 
and the quartz reactor wall itself acts as the reactive surface. Before each 
experiment, the reactor tubes are etched for 2 min with a solution of H20 
(demineralized), HN03 (60%) and HF (40%) in a 3:1:1-ratio. This etch pro
cedure is used to remove a possible W contamination from earlier experiments. 
All visible W contamination is washed away very easily with this procedure. 
A memory effect of previously used tubes is never observed. After the etching 
procedure, the tubes are baked out over their full length in a separate tube 
heater for at least 15 h at 1100 K to minimize water contamination. During 
the bake-out, an Ar flow (purity 99.999%) is maintained in the tube at a pres
sure of about 102 Pa. After the bake-out, the tubes are backfilled with Ar and 
mounted into the mass spectrometer set-up. 

After mounting, an additional bake-out is performed for 30 min at 750 K 
while an Ar flow is supplied to the reactor. This additional bake-out is done 
over a length of 0.25 m using the heater that is also used for the experiments. 
Next, the desired reaction temperature is chosen. 

After a stabilization of the desired temperature for 30 min, the experiment 
starts with the cross-over of the flow of reactants and the neutral Ar flow by 
the 4-way valve. Since both flow rates are equal, no pressure change occurs due 
to the switching of the gas flows. The reaction mixture consists of WF6 , SiH4 

and Ar. The Ar in the flow of reactants arises from both the SiH4 mixture (1% 
of SiH4 in Ar) and from a separate Ar flow. The latter is supplied to correct 
for variations in the total gas flow while varying the WF 6 or SiH4 flow. 

The standard conditions for the experiments are given in table 4.1. Starting 
from these conditions, the parameters T, [WF 6] and [SiH4] are varied in the 
ranges as indicated in the table. To achieve higher densities for WF 6 and 
SiH4, it was necessary to increase the total pressure in the reactor. For the 
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mass/ charge lOll origin trend 
2 Ht H2 i 
20 HF+, Ar++ HF, Ar -

30 SiHt SiH4 l 
47 SiF+ SiF4, SiHF3, SiH2F2 i 
49 SiH2F+ SiH2F2 i 
67 SiHFt SiHF3, SiH2F2 i 
85 SiFt SiF4 i 
104 SiFt SiF4 i 
255 WOFt WOF4 -

281 wF+ 5 WF6 l 
Table 4.2: Measured mass/charge ratios in the experiments on the 
WF6/SiH4/Si02 process, with the corresponding ion and its origin. The last 
column gives their change during the process. 

case of p = 62 Pa this is done by increasing the total gas flow. The pressures 
p = 140 and 300 Pa are achieved by throttling the gas-flow with a throttling 
valve downstream of the reactor. As indicated, this also leads to a change 
in the flow conditions, for instance the gas velocity. Note that in all cases 
[SiH4]/[WF6] < 0.3. According to various reports this is the situation where 
selective W deposition occurs [8-11], and where surface reactions are supposed 
to dominate the process [26]. 

A first experiment is carried out to see whether at the standard conditions 
a reaction occurs or not and what the reaction products are. At 15 min after 
switching-on the supply of the reactants, a grey deposit becomes visible on 
the quartz tube at the downstream end of the heater. However, at the higher 
pressures (140- 300 Pa) the deposit is homogeneous over the complete heater 
length. The deposit is not correlated with visible imperfections in the quartz 
tube. With increasing time, the grey layer becomes thicker and grows towards 
the upstream part of the reactor. When the layer is fully opaque, it peels off 
from the quartz wall in needle-like particles. 

Complete mass spectra are taken immediately after the supply of reactants 
and after the grey deposit becomes visible. Both are given in figure 4.1. The 
mass spectra lead to the following observations: 

• When the grey deposit is visible, an increase is observed of the signals at 
mass number 2, 47, 49, 67, 85, and 104. These signals are identified as H2, 
SiHF3, SiF4 and SiH2F2, according to table 4.2. It is unlikely that they 
also indicate the production of SiH3F, since the F containing molecules 
have the tendency to loose at least one F atom upon ionization. This 
would result in a more pronounced SiH! signal instead of SiH2F+. 
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Figure 4.1: Mass spectra taken immediately after supply of reactants (upper) 
and at 15 min after the supply of reactants when a W deposition has become 
visible (lower). Arrows indicate differences between the two spectra. 
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thermocouple 

Kanthal wire __/ 

Figure 4.2: Schematic of the reactor tube with the capillary. 

• Also when the grey deposit becomes visible, a decrease occurs of the SiHt 
signal and, in a lesser amount, also for the WF~ and WF~+ signals. These 
signals are identified as the reactants SiH4 and WF 6 • 

• No signs are found for the formation of HF (mass 20), F2 (mass 38) 
or other reaction products, e.g. molecules that contain 2 Si atoms. It 
can therefore be concluded that the F atoms of the WF 6 molecule are 
exclusively removed by SiHF 3 and SiF4. 

From these observations it can be concluded that a reaction between WF 6 

and SiH4 takes place at the standard conditions and that the reaction prod
ucts are mainly SiHF3, SiF4 and H2. The observation of these products is in 
accordance with the findings of Kobayashi et al.. Note, however, that in their 
experiments a hot Mo heater block and sometimes a hot W -substrate is present 
in the reactor [10]. 

To analyse the deposit on the quartz reactor tube, quartz plates (10 mm x 
5mmx2 mm) are placed within the heater. It is assumed that these samples will 
not affect the deposition process and that the deposition of W on the samples 
is equivalent to the deposition of W on the reactor walls. After the deposition, 
they are analyzed by AES, XPS, LEIS and SEM. For this purpose, the plates 
have to be transported through the open air. This will allow reactive species on 
the quartz plates to react with H20 and 02 molecules. Due to these reactions, 
molecules may become volatile. It is assumed however that chemically bound 
molecules and the larger W particles will remain at the surface during the 
transport. 

The reactive area is determined by the size of the tube heater and is approx
imately 5 x 10-3 m2. To decrease this area, a special reactor tube is used with 
a capillary (outer diameter 2 rom) perpendicular to the tube axis (figure 4.2). 
The capillary contains a resistance heated Kanthal wire with a spot-welded 
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Figure 4.3: Behaviour of reactants and product as a function of time using the 
standard conditions. 

thermocouple. In this case, the reactive area is 3 X w-4 m2• 

The capillary is also used to study the reaction of WF6 and SiH4 on a 
tungsten surface outside the transport limited regime. For this study, the 
capillary was covered by W. 

4.4 Time-resolved mass spectrometry 

4.4.1 Typical behaviour 

The mass/charge ratios, given in table 4.2, are measured as a function of time. 
The WOFt signal is used as an indication of a possible water contamination. 
Measurements with a WOFt signal that is larger than 0.1% of the WFt signal 
are rejected. A typical measurement is shown in figure 4.3. In this figure, the 
signals from HF+ and WOFt are not shown because they are negligible with 
respect to the noise on these signals. 

It is important to notice that the time dependence of the signals Hj, SiHFt 
and SiFt is identical, apart from a scaling constant. Since these signals arise 
exclusively from the products H2, SiHF 3 and SiF4, the relative production of 
these products is assumed to be constant during all stages of the experiment. 
This is in contradiction with the observations of Kobayashi et al., who find 
different results for deposition on Si02 and W [10]. 

As follows from figure 4.3, the process can be divided into three stages. The 
first stage is characterized by a nearly constant signal of the reactants (WF 6 
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Figure 4.4: Definition of some quantities, related to the typical behaviour of the 
reactants and product as a function of time 

and SiH4) and an exponential increase in time of the products H:z, SiHF3 and 
SiF4. This exponential increase of the reaction products indicates that the 
loss of selectivity is an auto-catalytic process. The second stage is a sudden 
increase of the reaction rate. In this stage, the supply of SiH4 becomes the 
rate limiting factor, whereas also SiH:zF2 becomes visible. The last stage is a 
stationary situation, established by the complete consumption of the SiH4 flow. 
The SiH2F 2 signal shows a slight decrease as a function of time. Because a W 
deposition becomes visible in this stage, most probably the W-CVD process on 
a metallic W surface is observed here. 

4.4.2 Dependence on parameters 

In the following sections the dependences of some typical quantities on the 
reaction parameters will be given. In figure 4.4 these quantities are indicated. 
The definitions are as follows. Stage I is the period of time where the production 
of H2, SiHF3 and SiF4 increases as an exponential function of the time. The 
time Ty is defined as the time where the SiH4 signal starts to deviate from its 
constant value in the logarithmic plot. 

The point in time where the signals of the products become constant due 
to the complete consumption of SiH4 is defined to be 'Tli· The period of time 
from 7'l to 'Tli is referred to as stage II. The period of time after ru is referred 
to as stage III. 

The signal that arises from SiH4 is called Ssm4 • Its constant value during 
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stage I is indicated as Ssm4 ,o. Starting at 71, this signal decreases exponentially 
in time with a decay constant vsm4 • 

The signals of the products H2, SiHF3 and SiF4 are assumed to be directly 
proportional to each other. These product signals are therefore described as 
a single signal, indicated by the subscript 'p'. In stage I the product signal is 
described as Sp = Sp,oe"Pt. The constant signal of the products in stage III is 
called Sp,oo· 

The area under the product curve is a measure for the total amount of WF 6 

and SiH4 that has reacted. Because the reaction results in the deposition of W 
on the reactor wall, it is also a measure for the total amount of W, Nw, that is 
deposited in the reactor. In figure 4.4 the amount Nw( 71) is indicated by the 
grey area. 

The process parameters to be varied are the temperature, T, and the con
centrations of the reactants, [SiH4] and [WF6]. As mentioned in section 4.3, 
the densities are changed by varying the inlet flows. The total flow of reac
tants is kept constant using an additional Ar flow. The densities are calculated 
according to 

(4.3) 

where Qx and Qtot represent the flow of species X and the total flow, respec
tively, pis the pressure in the reactor, Tis the temperature in the reactor and 
k is Boltzmann's constant. 

In principle, the variation of one parameter is performed while the other 
parameters are kept at their standard condition. Unfortunately, this is not 
always possible, as indicated in table 4.1. The largest variation of [WF6 ] is per
formed by throttling the gas flow. Because in this case [SiH4] varies too, these 
measurements are corrected for the observed dependence on [SiH4]. Moreover, 
the concentrations in the reactor depend on the reactor temperature. There
fore, the presented Arrhenius plots are corrected for variations in [SiH4] due to 
the temperature. The reference concentration, used in these corrections, is the 
standard concentration [SiH4] = 5.5 x 1019 m-3 • 

The presented data with varying [SiH4] are not corrected. To indicate the 
variation of other parameters, the data are ordered with respect to the total 
pressure by using different symbols. In table 4.1 the corresponding conditions 
per total pressure value are given. 

The quantities Sp and Vp can be determined from any of the H2 , SiHF 3 and 
SiF4 signals. In general, the most reliable value of these three has been taken, 
i.e. largest signal to noise ratio. In cases of equal reliability, an average value 
has been taken. 

The results of the dependence of the different quantities on the basic pa
rameters will now be presented sequentially. 
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Exponential increase rate Vp 

The value of Vp can be determined both graphically and by a least squares 
analysis. The graphical procedure appears to be very dependent on the required 
background subtraction. Therefore, the fitted values of Vp, using the model 
Sp = Sp,oe11

Pt +Sa, are used. The result for the background term, Sa, is in 
good agreement with the observations. The results for Vp are given in figure 
4.5, yielding 

where 

~ : =~.~ 1·~.6 } for p = 46, 62 Pa , (4.4) 

a = 3·8 ± 0·3 } £ 180 300 P 
b = -2.0 ± 0.2 or p = ' a · (4.5) 

The two different situations are indicated by the total pressure. It should, how
ever, be noted that it is not dear whether pis the real cause for the differences 
in a and b, since also [WF a] and Vgas are changed together with p. The figure 
of vp versus [WF a] is corrected using Vp ex: [SiH4]4 , since the measurements at 
p = 180 Pa and p = 300 Pa both show this dependence. However, the measure
ments, performed at 62 Pa with varying [WFa], show the dependence that is 
given in equation 4.4. Since the Arrhenius plot is taken at p = 46 Pa, variations 
in [SiH4 ] are corrected using vp ex: [SiH4]

2• A linear least square fit of these data 
yields 

with 

Characteristic time TJ: 

E 
Vp = vp,oe-1i'!' , 

E 0.5±0.1eV, 

(4.6) 

The characteristic time T[, after which the over-exponential increase of the 
production rate starts, appears to show a similar behaviour as the reciprocal 
of Vp· In figure 4.6, Vp is given as a function of T[ for all measurements. From 
this figure it follows that the product VpT[ is constant over a large range of 
variations in both Vp and T[. The average and mean deviation for this product 
are 

VpT[ = 3.7 ± 0.2. (4.7) 

It should be noted that this relation also holds for the experiment with the 
capillary. 
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Figure 4.6: Dependence of Vp on TJ for all measurements. The solid line indicates 
the relation vp TJ = 3. 7. 

Start-up signal Sp,o 

The start-up signal Sp,o is very important since it is a measure for the start
up reaction rate of the process. Unfortunately, Sp,o is only a few counts on 
a background of 10 counts in case of SiHF;% and SiFt; for Ih, Sp,o is a few 
hundred counts on a background of a few thousand counts. Therefore, the 
background-subtracted values for Sp,o become comparable to the noise. This 
problem can be avoided using the observed exponential behaviour, 

(4.8) 

The maximum value of Sp will be obtained at TJ and is considerably larger than 
the background signal. From this time on, the growth rate deviates from the 
exponential behaviour. This maximum value and the start-up signal Sp,o are 
related according to 

(4.9) 

where the relation Vp'TI = 3.7 has been substituted. 
The measured signals can be converted directly into a production flow, Qp. 

Assuming that for t ~ TI all SiH4 is consumed, the absolute value of Qp can 
be calculated according to 

( 4.10) 
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where a: is the number of product molecules that are formed by one reacted 
SiH4 molecule. Of course, Qp has the same time dependence as Sp, 

Qp = Qp,o et~pt ' 

indicating that QP fulfils the differential equation 

(4.11) 

(4.12) 

The dependence of Qp,I, calculated from Sp,I with a:= 1, on [SiH4], [WF6 ] 

and T is given in figure 4. 7. From this figure it follows that 

where 
a = 1.5 ± 0.3, 
b = -1.2 ± 0.2 . 

(4.13) 

The diagrams that present Qp,I as function of [WF 6 ] and T are corrected using 
Qp,I ex: [SiH4]1.5 • The temperature dependence is negligible. 

Amount of W deposited at n 

An upper limit for the total amount of W, Nw, that is deposited at a certain 
time t can be estimated from the reaction product signaL For this estimate, it 
is assumed that all W atoms, resulting from reacted WF 6 molecules, remain in 
the reactor. When the total absolute flow of Si-containing reaction products is 
described by Qp, then Nw is described by 

t 

Nw = {J j Qpdt , ( 4.14) 
0 

where fJ is the number of W atoms that are deposited per desorbed product 
atom. Since the reaction products are SiHF3 and SiF4 , {J will be between ~ 
and ~, respectively, being the ratio of the number of F atoms in the reaction 
products and in a WF 6 molecule. The flow Qp can be calculated analogous to 
equation 4.10 with a:= 1. Using equation 4.11, the amount of W at n, Nw,r, 
is given by 

Nw,r 

( 4.15) 
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Figure 4.7: Dependence of Qp,I on [SiH4], [WF6] and T. In the upper figure, 
[WF 6 ] varies according to table 4.1. Both the middle and the lower figure are 
corrected for variations in [SiH4] using Qp,I ex [SiH4]L5 and [SiH4] = 5.5 x 
1019 m - 3 as reference. 
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Figure 4.8: Dependence of Nw,I on [SiH4], [WF6] and T. In the upper figure, 
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number of W atoms that will form a monolayer in the heated part of the reactor. 
The middle figure is corrected for variations in [SiH4] using Qp,I ex [SiH4]-2 and 
[SiH4] 5.5 x 1019 m - 3 as reference. 
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The resulting values of Nw,I, with fJ = 0.5 (SiHF3 ), are given in figure 4.8. The 
number of W atoms that is required to deposit one monolayer in the reactor on 
an area of 5 x 10-3 m2 is approximately 9 x 1016 • In this estimate, the area per W 
atom is calculated from its atomic volume according to (Vw )i = 6.3 x 10-20 m2• 

In figure 4.8 this number is indicated by a horizontal line. As follows from the 
figure, the amount of W deposited in the reactor until 7"l is proportional to 
[Si~]a, with a = -2.5 ± 0.2, and has as an upper limit of a few monolayers 
coverage. The diagram that gives Nw,I as a function of [WF 6] is corrected using 
Nw,I oc (SiH4J-2• The result is that the dependence on [WF6] is negligible. The 
Arrhenius plot is not corrected for variations in [SiH4J and shows again an 
upper limit for Nw,I at approximately monolayer coverage. 

In case of the capillary the number of W atoms deposited up to 7"l is 1.4 x 
1016, corresponding to 3 monolayers of W at 7):. 

Exponential increase of SiH4-consumption: vsm4 

Figure 4.9 shows the dependence on [SiH4], [WF6] and T of the exponential 
increase of the SiH4-consumption, vsmp measured for t > 7):. The diagrams 
concerning the dependence on (WF 6] and T are corrected using vsm4 ex: [Si~j2. 
The experimental results are described by 

where 
a = 1.8 ± 0.3, 
b = -1.1±0.1. 

(4.16) 

From the Arrhenius plot it follows that 

with 

VSiH4 ,o = 1 7 S-
1 

, 

E = 0.25 ± 0.05eV. (4.17) 

4.4.3 Pre-exposure to SiH4 or WF 6 

Experiments are carried out with a SiH4 pre-exposure in the range 2- 200 s For 
this purpose, the standard reaction mixture is supplied where WF 6 has been 
omitted. The pre-exposure is followed by an exposure to pure Ar exposure of 
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[WF 6] varies according to table 4.1. The middle and the lower figure are corrected 
for variations in [SiH4] using Qp,l ()( [SiH4]2 and [SiH4] = 5.5 x 1019 m-3 as 
reference. 
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7) 

(s) 
~ 700 

2 66 
5 204 
10 13-20 
80 2-80 
300 2 

Table 4.3: Results of a pre-exposure of SiH4 for a time Tpre• This pre-exposure 
is followed by an inert Ar flow for 55 s, after which the reaction mixture is 
submitted. For the reaction mixture the standard conditions are used. During 
the pre-exposure the standard conditions are valid too, except for \VF6 , that is 
omitted. 

55 s, after which the normal reaction mixture is submitted. This results in a 
drastic decrease of 7l as indicated in table 4.3. A similar pre-exposure to WF 6 

does not have any effect. During the pre-exposure, besides the SiH4 signal, the 
H2 signal increases too. This might be caused by a reaction of SiH4 molecules in 
the reactor. This reaction is then probably the origin of the drastic decrease of 
TJ. It might, however, also be caused by the cracking pattern of SiH4 molecules. 

4.5 Analysis of the deposit 

To analyse the deposited material, Si02 plates are placed at certain positions 
within the reactor. It is assumed that the influence of these plates on the flow 
characteristics is a minor effect, and that the deposition of W on these plates 
is representative for the deposition on the reactor wall. The experiments are 
carried out with a variable exposure to the reaction mixture. For this purpose, 
the flow of reactants is replaced by an equivalent inert Ar flow at the desired 
exposure time. Although it is difficult to predict what the exact value of r 1 

would be, attempts have been made to stop the flow of reactants at t = ~TI, 
t = TI and t ~ 7). The Si02 samples are analysed by LEIS (t $ 7l), and by 
AES, XPS and SEM (t ~ 1l). 

4.5.1 LEIS (t < TJ) 

LEIS has the possibility to analyse exclusively the outermost atomic layer of a 
sample. Because this analysis technique is somewhat less standard, its principle 
will be discussed briefly. 
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The principle of LEIS is mass analysis of a solid state target using the 
scattering of low-energy noble gas ions by the target atoms. Because of the 
low energy (typically 1- 5keV), the small impact parameter (Rl 10-11 m) and 
the short interaction times (Rl 10-14 s), the scattering can be described by a 
classical binary collision model. Moreover, the use of noble gas ions makes 
the technique extremely surface-sensitive when only back-scattered ions are 
detected. This effect is caused by the high neutralization probability for noble 
gas ions (typically 99% ). Only ions that are scattered by the outermost atomic 
layer have a reasonable probability to remain ionized. 

In a practical experiment the primary ion beam will be mono-energetic and 
often mass selected. When in addition the scattering angle is fixed, the energy 
spectrum of the scattered noble gas ions can directly be converted into a mass 
spectrum of the outermost atomic layer. 

Several side effects, that occur during the ion scattering process, can pro
vide extra information about the structure and composition of the outer few 
nanometers of the target. Two of these effects will now be discussed. 

The first side effect that provides information about deeper layers is the 
effect of re-ionization [27,28]. This effect can occur when a scattered, neu
tralized particle has an interaction with a surface atom on its way out of the 
sample. This results in a contribution to the final-energy spectrum from ions 
that are scattered by atoms in deeper layers of the target. These ions will 
loose additional energy on their way to and from the deeper scattering centre. 
The contribution to the energy spectrum will therefore be a 'tail' at the lower 
energy side of the peak that corresponds to identical scattering centres in the 
outermost atomic layer of the surface. Turned the other way around, the ap
pearance of a tail on the lower-energy side of a peak in the energy spectrum 
indicates that the corresponding atom also occurs in deeper layers of the target. 

The second effect that can be used to obtain extra information on the target 
composition is the sputtering of target atoms by the primary ion beam. In case 
of monolayer coverage, sputtering will result in an exponential decrease of the 
corresponding signal in the energy spectrum. In case of multilayer coverage, 
the signal will be rather insensitive to sputtering. In this case, while removing 
the outermost layer, a new equivalent layer becomes 'visible'. 

The LEIS experiments that are used in this study are performed in the 
NODUS set-up [28,29]. In this set-up, the ion beam is perpendicular to the 
surface. The energy analyser and detector are cylindrically symmetric around 
the ion beam. The scattering angle is fixed at 142°. The cylindrically symmetric 
design allows integration over all azimuthal angles. 

A problem that is connected to LEIS analysis of insulating samples is charg
ing by the primary ion beam. Due to this charging, the energy of the incoming 
ions will be affected. In the NODUS set-up this problem is circumvented by a 
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Figure 4.10: LEIS spectra of various Si02 samples after an exposure to the 
reactants for t = !n and t = T'J:. The schematic above the spectra indicates 
the position of the samples. The solid line in the spectra represents the first 
spectrum taken. The dashed line represents the spectrum taken after 500 s of 
sputtering with the primary ion beam. 

cylindrically symmetric charge neutralizer [27]. The construction of this charge 
neutralizer is such that electrons are sprayed from all directions to the analysis 
spot. In this way, the charging can be reduced to a negligible level. 

The LEIS spectra found for the various samples at t = ~T'J: and t T'J: are 
given in figure 4.10. The upper row of spectra is taken at t = ~T'J: and the lower 
row is taken at t = TJ. A schematic of the reactor above the spectra indicates 
the position of the samples for the various columns of spectra. The spectra 
are measured with a 3keV 4He+ ion beam. The ion current is 150nA and 
the beam area is about 3 x 10-6 m2• In each diagram two spectra are drawn. 
The solid line is the very first spectrum taken. The dotted line is taken after 
approximately 500 s sputtering with the primary beam. The sputter yield of 
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W by 3keV 4He+ is approximately 4 x 10-2 [30]. This gives a sputter rate 
of 1.9 x 10-13 m s-1 at the present experimental conditions.1 It then follows 
that the dotted line has been taken after removal of approximately 40% of a 
monolayer. 

The spectra are all taken under identical circumstances, except for the sam
ple taken at t = ~TJ:, at position bas indicated in figure 4.10. In this case, the 
analysis beam covered only half of the sample due to experimental problems. 
This is reflected in the fact that in this case the signal is only half the amount 
of the other spectra. Moreover, a signal on the lower energy side of 2300 e V is 
visible. This signal originates from ions that are scattered by atoms in the sam
ple holder. It should be noted that in none of the cases the Si02 is completely 
covered with W. 

According to previously discussed additional features, at t = ~'TJ: only mono
layer coverage is found since the W peaks are sharply shaped and decrease upon 
sputtering. However, at t = TJ: undoubtedly multilayers of W are formed inside 
the heater. This is indicated by both a tail at the lower energy side of theW 
peak, and the increase of the W signal upon sputtering. This increase most 
probably results from the removal of an adsorbed layer containing C, 0 and H, 
on theW particles. Just outside the heater still monolayer coverage is found 
in this case. 

It should be noted that no F is detected on the samples, although LEIS is 
equally sensitive for F as compared to 0 and Si. 

4.5.2 AES, XPS and SEM ( t > Tn) 

The deposit for t ~ 'TJ:I has been analysed by XPS and AES, using a Physical 
Electronics Model 550 ESCA/SAM system. Because of the insulating sub
strate, both analysis are heavily influenced by charging. The results are given 
in figure 4.11 and 4.12, respectively. It follows from both analyses that the de
posited layer consist of W, and that a possible Si content is below the detection 
limit of the apparatus used. 

The deposit is also analysed by SEM. For this analysis, samples are studied 
with exposures starting from the onset of stage III, 'TJ:I (about 700 s ), up to 2200 s 
from this onset. Because of the insulating Si02 substrates, it was necessary to 
sputter deposit a conducting layer of gold on the samples. The results are given 
in figure 4.13. 

As can be seen, at ru particles with a diameter of about 100 nm are present 
on the substrate. At increasing exposure times, both the number of particles 

1The sputter rate is estimated using~~ = e~ YVm, with I= 150nA, e = 1.60 X w-19 c, 
A= 3 X w-6 m2, y = 4 X w-2 and Vm = 1.6 X w-29 m3 . 
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Figure 4.11: XPS analysis of the deposit in stage III 
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Figure 4.12: AES analysis of the deposit in stage III 
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t = 1ll t=nx+lOOs 

t = 1li + 700s t = ru + 2200s 

Figure 4.13: SEM pictures of Si02 samples after a variable exposure to the reac
tion mixture under standard conditions. The exposure time is indicated above 
each picture. The white bars on the size markers have a length of 1 pm. Using 
these markers, the size of the largest particles as a function of time can be esti
mated to be: 

t -'T[I size 
(s) (pm) 
0 0.1 

100 0.3 
700 0.7 

2200 1.4 
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as well as their size grows. The particles appear to be cubically shaped with 
'sharp' edges, indicative of the formation of W crystallites. 

The growth rate of the particles can be estimated from the SEM pictures. 
An estimate of the size of the largest particles is given in the table in the caption 
of figure 4.13. Using this estimate, the deposition rate, being half the growth 
rate of the particle size, is 0.3 ± 0.1 nm s-1 • 

4.6 Stationary behaviour 

When the normal reactor tube heater is used, the signals for t > 1lh i.e. 
stage III, become constant due to the fact that all SiH4 is consumed. In the 
experiments with the capillary as the only heated part of the reactor, the 
reactive surface is much smaller. The behaviour in stage I a.nd stage II of the 
process appears then to be similar to the situation where the tube heater is 
used. In stage III, however, a stationary situation is created that is limited 
in reaction rate instead of in SiH4 supply. For this situation, the production 
of SiHF3 and SiF4 are measured as a function of [SiH4]. This is presented in 
figure 4.14. 

The figure shows that the reaction on W is of first order in [SiH4] at the 
standard conditions. This indicates that in spite of the small reactive area, the 
deposition rate might be transport limited all the same. This is supported by 
the fact that the Arrhenius plot shows a flattening of the production of SiHF3 

and SiF4 around 570K, as can be seen in figure 4.15. However at temperatures 
below 450 K the Arrhenius plot shows a straight line, yielding an activation 
energy of 0.8 ± 0.1 eV and a pre-exponential factor Qp,o = (3 - 5) x 1027 s-1 • 

It should be noted that the measurement of the temperature in this case is 
rather indirect. However, because of the fact that the thermocouple is placed 
inside theW-covered capillary, it can be assumed that the thermocouple and 
the surrounding W are in thermal equilibrium. The maximum growth rate that 
is obtained in this experiment can be estimated according to 

Qp,max TT O 6 -1 r = a-A--vw R:i • nms , 
cap 

(4.18) 

being in rather good agreement with the results from the SEM analysis, that 
yield 0.3 nm s-1

. In this approximation a is the number of W atoms that 
is deposited per SiHFa or SiF4 molecule. In the approximation a = 0.5 is 
used. Further, Qp,max R:i 2 x 1016 s-1 is the maximal observed production of 
SiHF3 or SiF4 , Acap R:i 3 x 10-4 m2 is the reactive area of the capillary and 
Vw R:i 1.6 x 10-29 m3 is the atomic volume of a W atom. 
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Figure 4.14: Behaviour of the signals of SiHF 3 and SiF4 as a function of [SiH4] 

using the standard conditions. 
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Figure 4.15: Behaviour of the signals of SiHF3 and SiF4 as a function of the 
temperature using the standard conditions. 
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Quantity [SiH4]a [WF6JI' ce-w 
a b C (s-1

) E(eV) 
Qp,I 1.5 ± 0.3 -1.2 ± 0.2 (1.5 ± 0.7) X 1010 ::::::::0 
v (1) p 2.4 ± 0.2 -0.7 ± 0.6 101 - 103 0.5 ± 0.1 
v (2) p 3.8 ± 0.3 -2.0 ± 0.2 -
vsiH, 1.8 ± 0.3 -1.1 ±0.1 1-7 0.28 ± 0.02 

Table 4.4: Summary of the results from the experiments concerning the reaction 
ofWF6 and SiH4 on Si02. The two different cases that are given for Vp are taken 
at p = 46, 62Pa (case 1) and p = 140, 300Pa (case 2). 

4.7 Summary of results 

The results can he summarized as follows. A gas mixture containing SiH4, WF 6 

and Ar appears to deposit Won Si02 at the standard conditions 

[SiH4] 5.5 x 1019 m-3 , 

[WF6] = 3.6 x 1020 m-3 , 

[Ar] = 5.5 x 1021 m-3 
, 

T = 570K, 

(p = 46Pa). 

Besides solid W, the reaction products are the gases H2, SiiiF3 and SiF4. The 
product HF is not observed. The deposition process is auto-catalytic. The pro
duction rates of H2, SiHF3 and SiF4 are identical and can initially he described 
by 

Q Q Vpi 
P = p,oe . 

At a certain time 7}, the growth rate increases more than exponentially in time. 
It appears that T{V = 3. 7 ± 0.2. The dependences of the quantities Qp,I (being 
Qp(t TI)) and Vp on the parameters [SiH4], [WF6 ] and T are given in table 
4.4. 

At TI, at most a few monolayers of W are deposited for the case p :::::::: 50 Pa. 
For the case of larger pressures, this W amount decreases, proportional to 
[SiH4]-2 • 

The increase in growth rate at 7l is accompanied by an exponential increase 
of the SiH4 consumption. The dependences of this exponential increase on 
[SiH4], [WF6] and Tare also presented in table 4.4 as vsm4 • 

The pre-exposure to SiH4 gives an acceleration of the process, such that 
7l becomes much smaller. Moreover, an increased lh signal is observed that 
possibly indicates a reaction with SiH4. The pre-exposure to WF6 has no effect. 
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Fort > Tr it has been shown that the deposited W has a multilayer structure, 
while for t < Tf the deposited W is most probably monolayer type. SEM shows 
that W particles with a diameter of about 0.1 Jlm are present from t > Tf. 

The particle growth rate can be estimated to be 0.3 ± 0.1 nm s-1 in the SiH4 

transport limited regime. In this stage, the production rate seems to be directly 
proportional to [SiH4], but this observation might result from the fact that the 
reaction rate becomes limited in the supply of SiH4. 

4.8 Model 

Although for the presentation of the results the process has been split up into 
three stages, it is obvious that a logical physical link must exist between these 
stages. In other words, every observed effect must be a logical consequence of 
the physical processes that preceded the effect. With this principle in mind, a 
model will be given that agrees with all observations. 

The first important observation that arises from the experiments is the fact 
that immediately after the supply of WF6 and SiH4 the products H2, SiHF3 

and SiF4 are formed. The F atoms in SiHF 3 and SiF4 undoubtly originate 
from WF6 • Since besides the WF6 cracking products no other W-containing 
ions are measured by the mass spectrometer, it can be concluded that noW 
containing gaseous molecules are produced. This also means that all W atoms 
from reacted WF 6 remain in the reactor. The Si atoms in SiHF 3 and SiF4 could 
in principle originate from SiH4 as well as from the Si02 reactor wall. However, 
several observations indicate that SiH4 is the source of these products: 

• The supply of WF 6 without SiH4 does not result in the formation of 
SiHF a and SiF4· 

• The production of Ih is proportional to the production of SiHFa and 
SiF4. 

• The production rate of SiHF3 and SiF4 is strongly dependent on [SiH4]. 

• The maximum production rate of SiHFa and SiF4 is reached when the 
complete SiH4 flow is is consumed in the reaction. 

Therefore, the first conclusion is that WF 6 and SiH4 react, forming H2 (g), 
SiHF3 (g), SiF4 (g) and a W-containing species that remains in the reactor. 

As mentioned in chapter 2, and already used in the presentation of the 
results, the measured signals for H2, SiHF 3 and SiF4 are directly proportional to 
their production rate. The second important observation is that the production 
rates of these three products are identical. Therefore, it can be concluded that 
the three products result from the same reaction mechanism. 
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The third important observation is the fact that the initial production rate 
of H2 , SiHF3 and SiF4 is proportional to [SiH4)1.5 and [WF6J-1 • This implies 
that in the rate limiting step for the formation of H2, SiHF3 and SiF4 at least 
2 Si~ molecules are involved. The fact that the exponent of [SiH4] is not 
an integer and the fact that [WF6] retards the reaction indicate that the rate 
limiting step is rather a surface reaction than a gas-phase reaction. 

According to the Langmuir adsorption model, the equilibrium adsorption 
coverage, 0, of a surface is described by [31] 

() = ~p ' 
1 + kLP 

(4.19) 

where p is the gas pressure and kL is the Langmuir constant for the concerning 
system. This shows that at low coverages, () is directely proportional to p. 
Once the coverage reaches saturation, 0 becomes proportional to a lesser power 
of p. The fact that the power of [SiH4} is smaller than 2 indicates that the 
adsorption of SiH4 reaches saturation. 

At the studied reaction temperatures (470K < T < 1130K), it is not 
likely that this saturation can occur when SiH4 is only adsorbed in a weakly 
physisorbed state. Therefore, it can be expected that at least one of the two 
involved SiH4 molecules is in a chemisorbed state. Because the rate limiting 
step depends on the gas phase concentration of SiH4, this chemisorbed state 
has to be in a dynamical equilibrium with the gas phase. This makes it unlikely 
that reactions of the form 

( 4.20) 

occur, since this reaction is irreversible due to the removal of the H2 molecule. 
The '*' in this reaction equation denotes an adsorption site. 

A reaction such as 

(4.21) 

is possible, however. The chemisorbed SiH4 molecule will be denoted as SiHx*• 
where x S 4, whithout specifying its exact form. In figure 4.16 some possible 
adsorption sites are indicated. The indicated role of the W 2F 6 particle as 
nucleation site will be discussed later on. 

Because two SiH4 molecules are involved in the rate limiting step, and 
because WF 6 retards, it can be conduded that an adsorbed WF 6 molecule and 
an SiHx* molecule do not react. A possible explanation for this observation is 
the fact that the SiHx* molecule is completely shielded by II atoms, such that 
it cannot be attacked by WF 6 • 



84 CHAPTER 4. THE REACTION OF WF6 AND SIH4 ON SI02 

Nucleation site: 
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prevent reaction occupy site 

Figure 4.16: Schematic representation of possible adsorption sites and the re
tarding effect of WF 6 

However, when two SiH.,* molecules react, presumably a SizH2n and H2 is 
formed according to 

(4.22) 

where n < x. The formation of Si2H2n is irreversible because H2 will desorb. It 
can be proposed that this reaction is the rate limiting step in the overall process. 
The dependency on [WF6]-

1 indicates that WFe retards only one step in the 
formation of Si2H2n. This can be the prevention of the chemisorption of one 
SiH4 molecule by occupying the adsorption site. It can also be the prevention of 
the reaction of two SiH.,* molecules. Both possibilities are visualised in figure 
4.16. 

The assumption that the formation of ShH2n is the rate limiting step is in 
accordance with the observation that the pre-exposure of SiH4 accelerates the 
deposition process. Because of the absence of WF 6 , the formation of ShH2n 

is not retarded in that case. The ShH2n molecules appear to remain in the 
reactor for at least 55 s. This supports the assumption that their formation is 
irreversible and indicates that their adsorption energy is large. 

The observed dependence on [SiH4]1.5[WF6]-1 can also be explained by as
suming that the reaction between two chemisorbed SiH4 molecules and one WF 6 

is the rate limiting step. In this case, these three particles have to form simulta
neously a precursor state for the reaction. When in addition the chemisorption 
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per SiH4 molecule is assumed to be inversely proportional to [WF6], the ob
served dependence can be explained. However, since WF6 is required for the 
reaction in this model, the accelerating effect of the pre-exposure to SiH4 cannot 
be understood. This three particle model will be rejected for this reason. 

In the continuation of this discussion, it will be assumed that the formation 
of SbH2n is the rate limiting step in the formation of H2, SiHF 3, SiF4 and the 
W containing particle that remains at the Si02 surface. It is therefore expected 
that all successive reactions are fast. These reactions will contain at least one 
reaction with WF 6 • In principle it is possible that the reaction occurs according 
to 

SbH2n * +WFa*-+ 2SiHF3 i +(n -I)H2 i +W * . (4.23) 

However, this reaction would leave a single W atom at the surface. It is very 
doubtful whether this is energetically favourable. More likely is a reaction 
pathway where first SbH2n and WF 6 form a precursor state, 

(4.24) 

that in addition will react with another WF 6 molecule, forming a W 2F 6 * or a 
W2F4*, 

( 4.25) 

or 
(4.26) 

It is possible that, although their adsorption energy might be large, the 
ShH2n molecules can desorb in the hot reactor zone. During a desorption
adsorption step, the ShH2n will be directed by the gas-flow towards the down
stream end of the reactor. This assumption is supported by the fact that theW 
deposition becomes first visible at the downstream end of the heated zone of the 
reactor. Because of the large temperature gradient towards room temperature 
at the heater ends, the desorption of the molecules will be extremely retarded 
at this place. The sticking of the molecules on a surface at room temperature 
will be complete. This can also explain why never SbH2n is observed by the 
mass spectrometer. 

The fourth important observation is the exponential increase of the pro
duction rate. This observation indicates that the reaction of SiH4 and WF 6 is 
an auto-catalytic process. In other words, the reaction between SiH4 and WF 6 

leads to a product that facilitates new similar reactions between SiH4 and WF 6 • 

From the discussion above, it follows that these products, that will be referred 
to as 'nucleation sites', are most likely W2F6 and W2F4 All newly formed nu
cleation sites must act independently of their origin. When this demand is not 
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fulfilled, i.e. when old nucleation sites are deactivated by the newly formed 
sites, the increase of the production rate will not be an exponential function of 
time. 

The exponential increase constant, in section 4.4 indicated as vp, gives the 
production rate on the newly formed nucleation sites. It follows that this 
production rate is again approximately proportional to [SiH4]2[WF6]-1. This 
indicates that in this case the reaction between two SiH4 molecules is the rate 
limiting step too, and that WF6 retards again. It will, therefore, be assumed 
that the auto-catalytic reaction is similar to the previously described initial 
reaction. The reaction thus first requires adsorption of two SiH4 molecules on 
the nucleation site, that will react to SbH2n. 

The retarding effect of WF 6 is in this case easily explained by the temporary 
deactivation of the nucleation sites by the formation of either a W3F12 or a 
W 3 F 10 molecule. Because of the large number of F atoms, these molecules will 
be shielded against adsorption. It should be noticed that Creighton observes 
WF6 desorption from a layer that contains Wand Fin the ratio 1:4 (W3 F12 ?) 
at 570 K [21,22]. 

The newly formed ShH2n molecule must be converted to an independent 
nucleation site. A possible explanation is that the intermediate SbH2n molecule 
desorbs from the nucleation site and then adsorbs on an arbitrary place on the 
reactor wall where it will be converted to either W2F6 or W2F4 • 

Another possibility is that the SbH2n remains on the nucleation site and 
is converted to W, H2 and SiHF 3 or SiF4 in the usual way. In this case, the 
remaining W atom will probably react with the nucleation site to W 3F 6 or 
WaF 4 • Extrapolating the ideas of Creighton, it can be proposed that these 
molecules are very reactive towards WF 6 • The result coulds then be the for
mation of either two independent W 2F 6 molecules or a W 2F 6 and a W 2F 4 

molecule, respectively. 
A general remark has to be made on the postulate that W 2F 6 or W 2F 4 are 

the nucleation sites. Their existence is just based on the assumption that it 
is energetically more favourable to have a molecule with fluorine terminated 
bonds, than a single W atom with some dangling bonds. In addition, in the 
case of W2F4, the model makes the production of SiF4 more plausible. The 
essential demands on the nucleation site, however, are just 

• The nucleation site contains W. 

• The nucleation site can be produced from WF 6 and at least two SiH4 

molecules. The only volatile reaction products are H2, SiHF3 and SiF4 • 

• The nucleation site facilitates the reaction that leads to new nucleation 
sites. 
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• One step in the formation of new nucleation sites, on previously formed 
nucleation sites, involves the reaction between the two SiH4 atoms. This 
step must be retarded by WFa. 

• Nucleation sites are independent, and do not deactivate each other. This 
implies that nucleation sites are not covered by other nucleation sites. 

Any other model that can fulfil these requirements is also possible. As already 
mentioned, a very obvious alternative is the single W atom. 

The discussion above has concentrated on a dependency of the production 
rate that is approximately proportional to [SiH4] 2[WF 6]-1 • However, the ex
periments at p = 180 and 300Pa rather yield a dependence on [SiH4] 4[WF6]-

2, 

being the square of the previously discussed dependence. this could indicate 
that a reaction between two ShH2n molecules occurs under these conditions. 
This is not really surprising. Once it is accepted that two SiH4 molecules can 
react, forming Si2H2n, it will also be possible that the SizH2n molecules react 
mutually or with other SiH4 molecules. The result of these reactions will be 
larger chains or areas containing both Si and H. This process will only occur 
at high Si2H2n densities and is retarded by the reaction of WFa and Si2H2n. At 
increasing total pressures, the Si2H2n/Si2H2n process will dominate, because its 
reaction rates is proportional to p2 whereas the Si2H2n/WF6 reaction is directly 
proportional to p. 

The resulting Si areas will be very reactive towards WF6 , identical to the 
process described in chapter 3. The result of these reactions will he rather 
metallic W areas than W2F6 and W2F4 • 

The fifth important observation is the sudden increase of the production 
rate at 1}. Since from this time on metallic W is observed, it is assumed 
that this increase of the production rate is coupled to the transition of the 
nucleation sites into metallic W. It is expected that the reaction of WF6 and 
SiH4 on metallic W will be fast because now dissociative adsorption of both 
WF 6 and SiH4 is possible. The increased SiH4 consumption, that is connected 
to this increasing production rate, is again dependent on [SiH4 ]2[WF6J-1 • This 
indicates that the transition of nucleation sites to metallic W requires a SbH2n 
molecule. 

Assuming that the nucleation sites are W 2F 6 and W 2F 4 , this transition can 
he easily explained. In the case that two nucleation sites are adjacent, it is 
possible that a ShH2n molecule that is formed on the one site reacts with the 
F atoms of the other nucleation site. In this way, the two nucleation sites react 
to W4F "'' where x < 6. In some way, this is the start of the formation of 
metallic W. Possibly, it is energetically not favourable to supply all F atoms 
that are required for the formation of SiHF3 and SiF4 • This might explain 
the observation of SiH2F2 at 1}. Moreover, the production of SiH2F2 tends 
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to somewhat decrease again after TJ:. This is explained by the fact that the 
production of H2, SiHF 3 and SiF4 is now dominated by the reaction on W 
surfaces. 

It is obvious that the transformation into metallic W occurs when approx
imately monolayer coverage of the nucleation sites has been reached. The ex
periments show that the amount of deposited W in the reactor at TJ: is sufficient 
for a few monolayers, indeed. 

In the case that the Si2H2n molecules react rather with SiH4 and Si2H2n than 
with WF 6 , a faster formation of metallic W is to be expected. Probably this sit
uation is observed in the measurements at p = 180 Pa and p = 300 Pa. In these 
experiments, the exponential increase seems to be dependent on [SiH4] 4[WF6t 2 

being proportional to square of the Si2H2n-production. This might indicate that 
the reaction between two Si2H2n becomes the rate limiting factor. Moreover 
in these measurements, the amount of W that is deposited at TJ: is less than 
monolayer coverage. This might support the idea of an earlier formation of 
metallic W. 

After the formation of W metal, the production of SiHF 3 and SiF4 becomes 
proportional to SiH4 • This indicates that in this case the reaction path via 
ShH2n is no longer required. However, it should be noted that in the case of 
these measurements the SiH4 consumption is approximately 90 %. The reaction 
rate can therefore also be limited by the supply of SiH4 , thus becoming linear 
in [SiH4] too. 

The above derived model for the reaction of WF 6 and SiH4 on a Si02 surface 
is visualized in figure 4.17. 

4.9 Quantitative description 

4.9.1 Introduction 

With the model of section 4.8 in mind, the expected reaction rates can be cal
culated and compared to the observations. It should be mentioned beforehand 
that the calculations are only meant to make the model plausible and that the 
calculated values are just rough estimates. 

A main assumption that will be used in the calculations is that the surface 
concentration of an adsorbed species, [8 X], is in equilibrium with its gas-phase 
concentration, [X], according to the Langmuir adsorption isotherm. It will thus 
be assumed that the number of adsorption sites is fixed, that the adsorption 
energy is independent of the coverage and that at maximum monolayer coverage 
is possible. 

This is not correct when SiH4 adsorbs dissociatively. However, to avoid this 
discrepancy and keeping in mind that the purpose is just to obtain a rough 
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formation of W2 Fs 
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Figure 4.17: Schematic representation of the model that describes the auto
catalytic reaction of WF6 and SiH4 on Si02, finally leading to metallic W. For 
simplicity, only the formation of W2F6 is given. The formation of W2F4 is 
similar. 

quantitative estimate of the model, the following assumptions will be made. 
Firstly, it will be assumed that WF 6 and SiH4 adsorb on similar surface sites and 
that they will occupy the same area on the surface after adsorption. Secondly, 
it will not be specified what the exact adsorption mechanism is. In other words, 
the molecule just adsorbs and occupies one adsorption site. Finally, it will be 
assumed that the adsorbed molecules can desorb again with a desorption rate 
that is described by an Arrhenius-type temperature dependence (31], 

(4.27) 

where v0 is the oscillation frequency for adsorbed particles, being v0 ~ kJ ~ 
1013 s-1 for solid state situations, Ex is the activation energy for the desorption 
and Ts is the temperature of the surface. In the case of an adsorption mech
anism as given in equation 4.21, the desorption rate thus contains both the 
recombination of SiH3* and H*, and the successive desorption of SiH4 • 

The surface concentrations for SiH:c and WF6 , respectively [8 SiH:c*] and 
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adsorption site symbol 
normal * 

impurity 0 

W2F6, W2F4 • 
Table 4.5: List of symbols that are used to represent the different adsorption 
sites. 

["WF6 *] are then described by the differential equations 

and 

d[5SiHx*] 
dt 

. . 
J adsorption - J desorption 

( 4.28) 

(4.29) 

where fo (0.5 S fe S 1.0) is a geometrical factor that accounts for the reaction 
probability of gaseous molecules that impinge on the surface at an angle 0, (v) 
is the average velocity of the gas molecules and '*'denotes an adsorption site 
on the surface (see table 4.5). The product of cross section and density of unoc
cupied adsorption sites, O"x-.["*], gives the adsorption probability of molecule 
X on the special adsorption site *· In first approximation this probability is 
the fraction of the surface sites that is available for adsorption. The cross sec
tion, O"x -·• also accounts for the 'sticking' coefficient. Finally, vx. represents 
the desorption rate of adsorbed X molecules. The velocity of gas molecules is 
related to the gas temperature, Tg, and the molecular mass, m, according to 

(v} = J8kTg . 
Jrm 

( 4.30) 

In equilibrium and using the conservation of the total amount of adsorption 
sites, 

(4.31) 

equation 4.28 yields 

["SiHx*] = 

( 4.32) 
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This equation is just an extended form of the regular Langmuir isotherm, equa
tion 4.19. 

From equation 4.32 it is clear that [8SiHx*] in first approximation is directly 
proportional to its gas phase concentration and the total number of adsorption 
sites. The proportionality towards [SiH4] becomes less than linear when the 
term concerning [Si~) in the denominator of equation 4.32 is larger than vsm4 ,.. 

In the same way, [8SiH4*] becomes inversely proportional to [WF6] when the 
term in the denominator concerning [WFs] becomes larger than vsm4 .. , or 

1 
2/ll(vwF6 )[WFs]awF6 _,,. > VwF6 ,. • (4.33) 

Using the standard conditions of the experiments ([WF6] = 3.6 x 1020 m-3 and 
T = 570 K), and estimating /II = 0.5, O'WF6-+* ~ 10-19 m2 (this is approximately 
the area of one surface atom, combined with a sticking coefficient of 1 ), it follows 
from equations 4.27 and 4.33 that the activation energy for desorption of WF 6 
must be larger than l.OeV to observe an inverse proportionality to [WF6]. 

When it is assumed that the activation energy for adsorption is negligible, 
then the adsorption energy for WF 6 is equal to its activation energy for des
orption. The value l.OeV indicates that WF6 is in a chemisorbed state. This 
is unlikely for adsorption of WF 6 on a Si02 surface, as observed by McFeely 
et al. [25]. However, at impurities with a large polarizability this adsorption 
energy seems feasible. 

4.9.2 Start-up reaction 

Competitive adsorption 

The observed dependency of the reaction rate on [WF6)-1 can be explained 
by the competitive adsorption of WF 6 and SiH4 on adsorption sites. The 
conclusion from the estimate above is that in that case the adsorption of WF 6 

on such site must have an adsorption energy of about l.OeV. This makes it 
most likely that the adsorption site is an impurity. 

For the formation of SbH2n, two SiH4 molecules are required. Assuming 
the chemisorption of SiH4 to be an essential step, then the dependency on 
[WF6)-1 suggests that only one of the SiH4 molecules is chemisorbed. Two 
standard models for surface reactions, being the Eley-Rideal model and the 
Langmuir-Hinshelwood model [31], can be used to describe this mechanism. 

If the Eley-Rideal model is assumed, the reaction to Si2H2n will occur be
tween the chemisorbed SiH4 molecule and an impinging SiH4 molecule. The 
production of SizH2n is then described by 

d[•SizH2nl 1 1 ( } [S'H ] [ss·n ] dt = 2J9 VSiflt 1 4 O'SiH4 -+SiH4 o 1 40 • (4.34) 
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In this equation, the symbol 'o' indicates the special chemisorption site (see 
table 4.5). Substitution of equation 4.32 and 4.27, and assuming that in the 
denominator of equation 4.32 the term concerning WF 6 dominates, yields as 
approximation for equation 4.34 

-~ {!!o(vsm.)[SiH4J) usm4-oUsm.-sHI.o [" ] 
R:l e kT• 1 o tot 

2/o(vwFJ [WF 6]uwF6-o 
~ 

R:l 4 X 102 e-I<T3[8 o]totS-l. (4.35) 

In this approximation all cross-sections are estimated to be 10-19 m2 and fe 
0.5 is used. The total activation energy, Ep,o, for the production of Si2H2n 

on an impurity site, contains at least the term -Esif4o + EwF6 o, resulting 
from the denominator of equation 4.32. The total activation energy may in 
addition also contain an activation energy, Esi2H2n,o, for the reaction itself. 
Since the experiments show no temperature dependence, apparently Ep,o R:l 0. 
This can easily be understood when Esm4 o R:l EwF6 o and when the reaction 
between the two SiH4 molecules is not energy activated, i.e. Esi2H2n,o R:l 0. 
From the experiments it further follows that the production rate per unit of 
area is described as 

( 4.36) 

with Areactor the heated area of the reactor wall. Comparing the calculated 
production rate (equation 4.35) and the experimental production rate yields 

(4.37) 

Since the level of impurities of the reactor tubes, used in the experiment, is in 
the order of parts per million, this value is very realistic. 

The other approach to describe the reaction between the two SiH4 molecules 
is the Langmuir-Hinshelwood model. In this model it is assumed that the reac
tion can only occur between two adsorbed species. In this particular case, the 
two species could be one SiH4 molecule that is chemisorbed on an impurity and 
one SiH4 molecule that is physisorbed on the Si02• The surface concentration 
of physisorbed SiH4 will be denoted as [•SiH4*], where '*' symbolizes a 'nor
mal' physisorption site on the Si02 • Because of the low physisorption energy 
of SiH4 and WF6 on Si02, the term vsm4 ,. in the denominator of equation 4.32 
will dominate. Therefore, [8SiH4*] will be directly proportional to [SiH4] and 
independent of [WF6]. Moreover, ["SiH4 *] will be far below its maximum con
centration. It is difficult to estimate a reaction rate for this model. An attempt 
can be made by assuming the adsorption energy on the quartz to be 0.1 eV. 
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Using this energy, the average residence time of a physisorbed SiH4 molecule 
on the surface, rsm4., at T = 570 K will be of the order of 

= _I_ = ..!.._ e Es!~t • 
vsm.. vo 

1 
RS 7.6-. 

vo 
( 4.38) 

This indicates that physisorbed SiH4 will only remain on the surface for ap
proximately 7 surface vibrations, in contrast with chemisorbed SiH4 that has a 
residence time of about 109 surface vibrations at an adsorption energy of 1.0 e V. 
Therefore, on the time-scale of the physisorbed SiH4 , the chemisorbed state can 
be considered to be permanent. It is obvious that the reaction between the two 
SiH4 molecules is only possible when the chemisorbed SiH4 molecule can be 
reached by a mobile physisorbed SiH4 molecule during its short stay at the 
surface. In other words, a reaction can only occur when the SiH4 physisorbs 
close to the chemisorbed SiH4 molecule. With this assumption, the quantitative 
description of the Langmuir-Hinshelwood model approaches the description of 
the Eley-Rideal model. The estimate for the concentration of impurities is 
therefore identical to the previous model. 

Prevention of reaction 

Another explanation for the dependency of the reaction rate on [WF6]-1 is the 
prevention by WF 6 of the reaction between two adsorbed Sill4 molecules. In 
this model, it is assumed that SiH4 can adsorb anywhere on the Si02 surface. 
At least one Si~ must adsorb in a chemisorbed state in order to increase 
its residence time. This can be imagined by the breaking of a Si-0 bond on 
the surface by SiH4 and forming both a Si-H and an 0-Silh bond. The net 
energy change of the bonding will be negligible, but the surface energy of the 
Si02 surface will become lower due to this reaction because of strain release. 
Two assumptions can be given for the state of the next SiH4 molecule that 
reacts with this chemisorbed SiH4 molecule. Firstly, analogous to the models 
presented in the previous section, the reaction occurs with either an impinging 
(Eley-Rideal model) or a physisorbed SiH4 molecule (Langmuir-Hinshelwood 
model). The other possibility is that the second SiH4 molecule adsorbs on a 
site adjacent to the first one. In both cases, the retarding effect of WF6 can be 
the shielding of the chemisorbed SiH4• This effect becomes significant when the 
adsorption energy of WF6 near a chemisorbed SiH4 is in the order of l.OeV. 

The advantage of this model to explain the retarding effect of WF 6 with 
respect to the 'competitive adsorption' model is the fact that no impurities are 
required for the reaction. This is in agreement with the observation that the 
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deposition is not related to visible imperfections on the reactor tube. Moreover, 
the experiments showed no correlation to a specific reactor tube, although 
several tubes are used. Also no memory effect is observed. This could be 
expected when the cleaning procedure is not very effective, i.e. an increasing 
amount of impurities as a function of the number of experiments that have 
been performed with a specific tube. 

However, the model with competitive adsorption is more closely related to 
the auto-catalytic behaviour of the process, as will be discussed in the next 
section. 

4.9.3 Auto-catalytic increase 

As mentioned in section 4.8, the ShH2n is assumed to react rapidly with WF 6, 

forming finally a W 2F 6 or a W 2F 4 molecule that is independent of its production 
site. Apparently, these molecules facilitate the reaction of two SiH4 molecules, 
forming new Si2H2n products. This process can be assumed to be identical to 
the initial reaction of two SiH4 molecules on an impurity, but now the W 2F 6 

and the W2F4 molecules act as a nucleation site. The competitive adsorption 
between WF 6 and SiH4 will be regarded as the retarding factor. 

When it is assumed that both the reaction on an impurity and the reaction 
on W2F6 and W2F4 yield a new nucleation site, indicated by '•', then the 
increase of the number of nucleation sites is described by 

( 4.39) 

In this equation, both the W2F6 and the W2F4 molecules are considedred to 
be identical. The symbols Vpo and vp,• are the production rates on impurities 
and either W 2F 6 or W zF 4, respectively. 

Together with the production of a new nucleation site, the gases H2 and 
SiHF 3 or SiF4 are produced, with a production rate Qp given by 

(4.40) 

where Areactor is the reactive area. Combining the equations 4.39 and 4.40 yields 

(4.41) 

where it has been assumed that [8 o}, Vpo and Vp• are constant in time. Com
parison of this result with the experimental result (equation 4.12) yields 

(4.42) 
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The exponential increase of the production rate is in the experiments ob
served to be described by 

(4.43) 

with llp,O = 101 - 103 s-1 and Ep = 0.5 ± 0.1 eV. The experimental value of 
llp,o perfectly agrees with the value that is expected according to equation 4.35, 
being 4 x 102 s-1 • In contrast with the observation of the initial growth, in 
this case the activation energy is non-zero. In analogy to the discussion of the 
reaction on impurities, it can be assumed that 

(4.44) 

The activation energy, EshH2n••' for the formation of ShH2n from the two ad
sorbed SiH4 molecules will probably be approximately equal for the reaction 
on the impurities on the one hand and the reaction on W 2F 6 or W 2F 4 on the 
other. The larger activation energy will, therefore, be caused by the fact that 
Ewp6 .-EsiH4• is approximately0.5eV larger than Ewp60 -Esm4o· This implies 
that either the absorption energy of WF6 on '•' is larger than on 'o', or that 
the adsorption energy of SiH4 on '•' is lower than on 'o', or a combination of 
these two. 

The conclusion is that the auto-catalytic behaviour can be described quanti
tatively by the model that Si2H2n is formed from a chemisorbed SiH.t molecule 
and a physisorbed SiH4 molecule. The chemisorption site is either W2F6 or 
W2F4. The retarding effect of WF6 is in this case the deactivation of W2F6 

and W 2F 4 as an chemisorption site. 

4.9.4 Increase of the production rate at r1 

The sudden increase of the production rate at 7'l is explained by the formation 
of W from two adjacent W 2F x molecules, where x is 6 or 4 and might be 
different for the two molecules. This reaction will become dominant when the 
surface concentration, [8

•], of W 2F x has nearly reached monolayer coverage. 
From equation 4.39 is follows that [8 •] as a function of the time is described 

by 

[s•] = Vpo[so] (e"P•t -1) 
Vp• 

From this equation it follows immediately that 

( 4.45) 

( 4.46) 
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For the case of monolayer coverage at TJ, [8
•] ~ 1019 m-2, and with the estimates 

[
8 o] ~ 1013 m-2, Epo ~ OeV and Ep• ~ 0.5eV it follows that 

Vp•'TI = 2.2- 5.5 for T = 500- 700 K , (4.47) 

being in complete agreement with the observations. The experimental error 
in Vp•'TI does not allow a check on the dependency of this product on the 
temperature. 

4.10 Conclusion 

Using in situ time-resolved mass spectrometry and surface analysis techniques, 
it has been shown that the reaction between WF 6 and SiH4 leads to W de
position on Si02 in an auto-catalytic process. The process is initiated by the 
formation of Si2H2n on special nucleation sites on the Si02. Most probably 
these nucleation sites are impurities, with a density in the order of parts per 
million. The rate limiting step in this process is the formation of the ShH2n 

molecule. This formation is retarded by the occupation of nucleation sites by 
WF 6. Once the Si2H2n is formed, it rapidly reacts with WF 6 forming volatile 
H2, SiHF3 and SiF4 and the adsorbed molecules W2F6 and W2F4. The W2F6 
and W 2F 4 molecules also act as nucleation sites, thus leading to the auto
catalytic behaviour of the process. 

When the concentration of W2F6 and W2F4 reaches monolayer coverage, 
reactions occur between a Si2H2n formed on one nucleation site, and the F 
atoms from the adjacent nucleation site. The result is that the W 2Fx sites will 
cluster, forming metallic W. 

Another possible path is the reaction of ShH2n with SiH4 or Si2H2n. First
ly, Si- and F-containing reactive areas are formed. In term, these areas react 
with WF 6, thus forming metallic W at an earlier stage. Because this alterna
tive pathway is competitive with the reaction of WF 6 it occurs at a relatively 
high SiH4 concentration with respect to the WF 6 concentration. Probably this 
is the cause for the reported dramatic loss of selectivity at conditions where 
[Si~]/[WF6] > 1. 
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Summary 

In this thesis, some fundamental aspects have been studied of W-CVD, using 
WF 6 as metal carrier. The major part of the study is performed in situ by a 
specially designed set-up of a hot wall, continuous flow, full quartz reactor in 
combination with a mass spectrometer. Additional analysis is done by AES 
depth profiling, XPS, LEIS, RBS and SEM. The studied aspects are the reac
tion of WF6 and Si and the reaction of WF6 and SiH4 on a Si02 surface. In 
the former case a Si sample is introduced into the reactor, whereas in the latter 
case the quartz reactor wall itself is the substrate. 

In the WF 6/Si study, the Si samples are cleaned by spin etching. This 
procedure prevents contamination that might occur in the conventional HF-dip 
methods.' It has been shown by XPS that the procedure results in oxide-free Si 
surfaces that remain stabile for at least 4 hours in open air at room temperature. 
To avoid premature oxidation, samples are exclusively introduced into a reactor 
at room temperature. 

Exposure of the Si samples to WF6 results in the formation of volatile SiF4 

and a W layer with a temperature independent thickness of about 15 nm. The 
production of SiF4 first increases to a maximum, followed by an exponential 
decay of the SiF4 production. Both the initial increase and the exponential 
decay are strongly temperature dependent, with an activation energy of 1.6 ± 
0.1 eV and a maximum rate of 1013 s-1• The latter is typical for first-order solid 
state reactions. 

The AES depth profiles, taken after different WF 6 exposures, indicate that 
W already penetrates the outer few nanometers of the Si sample immediately 
after the WF 6 supply. At longer exposure times the penetration depth is found 
to be limited to about 15 nm, while the W concentration, being initially less 
than the Si concentration at any depth, increases. The distribution of W and 
Si is nearly homogeneously in the outer few nanometers. The SiF4 production 
is directly proportional to the Si concentration in the outer layers. Once the 
W concentration has reached 100 %, the deposition stops. 

Both the time resolved mass spectrometry and the depth profiles indicate 
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that the deposition process involves a reaction layer of W ,,$i11F z species that 
allows a rapid diffusion. The F atoms in this layer prevent clustering of the 
species. The reaction layer is converted to volatile SiF4 and metallic W. The 
W-W bonds will first be formed at the interface of the reaction layer and the 
Si substrate, due to the relatively low F concentration. Since this initial W 
layer prevents both Si and F diffusion, it isolates the reaction layer from the Si 
substrate. This is the cause for the final limited layer thickness. 

A simplified mathematical description of this model fits perfectly to the 
measured SiF4 production and yields that both the production of the reaction 
layer and its conversion to SiF4 and W have the same temperature dependence. 

In the WF6/SiH4/Si02 study, the quartz reactor wall itself acts as substrate. 
In spite of the absence of Si or metallic surfaces, the reaction products H2, 
SiHF 3 and SiF4 are observed. Their production rates increase as an exponential 
function of time, indicating an auto-catalytic process. After a certain time, the 
production rate increases more than exponentially, while W deposition becomes 
visual. 

The initial production rate, the exponential increase and the more than 
exponential increase are all proportional to the square of the SiH4 concentra
tion and inversely proportional to the WF6 concentration. At higher pressures, 
the exponential increase becomes proportional to the fourth power of the Si~ 
concentration and inversely proportional to the square of the WF 6 concentra
tion. 

The more than exponential increase of the growth rate starts once approx
imately one monolayer of W is deposited. LEIS shows that before this time 
the deposited W is mainly monolayer type, whereas from this time the W de
position becomes multilayer type. The pre-exposure of SiH4 accelerates the 
complete process, while the pre-exposure of WF 6 has no effect. 

A model for the reaction has been proposed, that assumes the rate limit
ing step to be the reaction of two SiH4 molecules to ShH2n on a nucleation 
site. The retarding effect of WF 6 is the occupation of the same nucleation site. 
The initial nucleation sites are impurity atoms in the quartz walL The Si2H2n 

molecule rapidly reacts with WF6 molecules to volatile H2, SiHF3 and SiF4 and 
chemisorbed W 2F 4 and W 2F 6. The latter two molecules act as new nucleation 
sites, which explains the autocatalytic behaviour. When the density of W2F4 
and W 2F 6 reaches monolayer coverage, the formation of ShH2n induces clus
tering of these species towards metallic W. During this process, also SiH2F2 is 
formed. 

At high pressures, the ShH2n molecules react with each other towards areas 
of reactive Si. These areas react with WF6 forming directly metallic W. 
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Both studies provide new insights in the deposition of W on Si. The most 
striking fact in the WF6/Si study is the existence of a. reaction layer, with its 
remarkable properties. Most striking in the WF6/SiH4 /Si02 study is the fact 
that loss of selectivity is found in this process. Fortunately, it is slow compared 
to deposition on metallic surfaces. Since the W deposit on Si02 is in first 
instance in a molecular form, it might easily be removed selectively. 



Samenvatting 

In dit proefschrift zijn enkele fundamentele aspecten van W -CVD bestudeerd, 
waarbij WF6 als metaaldrager is gebruikt. Het belangrijkste deel van dit on
derzoek is in situ uitgevoerd in een speciaal voor dit doel ontworpen opstelling 
van een hete wand, continu doorstroomde kwartsreactor, met een geintegreerde 
massaspectrometer. Daarnaast is gebruik gemaakt van AES-diepteprofilering, 
XPS, LEIS, RBS en SEM. De onderzochte aspecten zijn de reactie tussen WF 6 

en Si en de reactie tussen WF6 en SiH4 op een Si02-oppervlak. In het eerste 
geval is een Si preparaat in de reactor gebracht, terwijl bij het tweede geval de 
reactorwand zelf als substraat dient. 

Bij het onderzoek naar het WF6 /Si proces zijn de Si-preparaten voorbe
handeld met behulp van 'spinetsen'. Bij deze methode wordt de etsvloeistof 
gedruppeld op het preparaat, terwijl dat roteert. Deze procedure voorkomt 
verontreiniging die kan optreden in de gebruikelijke 'HF-dip' procedures. Met 
XPS is aangetoond dat de methode resulteert in een oxide-vrij oppervlak dat 
stabiel blijft gedurende tenminste 4 uur in de open lucht bij kamertemperatu
ur. Om voortijdige oxidatie te vermijden worden de preparaten uitsluitend bij 
kamertemperatuur in de reactor gebracht. 

Blootstelling van een Si-preparaat aan WF6 leidt tot de vorming van gasvor
mig SiF4 en een W-laag met een temperatuursonafhankelijke dikte van ongeveer 
15 nm. De SiF 4-productie stijgt aanvankelijk totdat een maximum bereikt 
wordt waarna deze afneemt volgens een exponentit~le functie van de tijd. Zo
wel de aanvankelijke stijging als de exponentiele afname van de productie zijn 
sterk temperatuursafhankelijk, met een activeringsenergie van 1.6 ± 0.1 eVen 
een maximale productiesnelheidsconstante van 1013 s-1 • Deze laatste waarde is 
typisch voor eerste-orde vaste stof reacties. 

De AES-diepteprofielen, gemeten na een variable blootstelling aan WF 6 , 

tonen dat W, reeds kort na de WF6-toevoer, de buitenste nanometers van het 
Si-preparaat binnendringt. Na langere depositietijden blijft de indringdiepte 
beperkt tot ongeveer 15nm, terwijl de W-concentratie in het preparaat, aan
vankelijk overal kleiner dan de Si-concentratie, toeneemt. De verdeling van W 
en Si in de buitenste lagen blijkt nagenoeg homogeen te zijn. De SiF4-productie 
is rechtevenredig met de Si-concentratie in de buitenste lagen. Wanneer deW-
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concentratie 100% geworden is stopt de reactie. 

Zowel de tijdsopgeloste massaspectrometrie als de diepteprofielen geven 
aan dat het depositieprocess verloopt via een reactielaag van W xSiyF z·deeltjes 
waarin een hoge diffusiesnelheid aanwezig is. De F-atomen in deze laag voor
komen dat de deeltjes gaan clusteren. De reactielaag wordt omgezet naar gas
vormig SiF4 en metallisch W. De W-W bindingen zullen in eerste instantie 
gevormd worden op het grensvlak tussen de reactielaag en het onderliggende 
Si-kristal. Omdat deze eerste W-laag de diffusie van zowel Si als F voorkomt, 
isoleert deze de reactielaag van het Si-substraat. Dit is de oorzaak voor de 
uiteindelijke gelimiteerde laagdikte. 

Een vereenvoudigde mathematische beschrijving van dit model stemt per
fect overeen met de gemeten SiF4 productie en laat zien dat zowel de productie 
van de reactielaag als de conversie van deze laag dezelfde temperatuursafhanke
lijkheid hebben. 

Bij het WF6 /SiH4/Si02-onderzoek fungeert de reactor wand zelf als sub
straat. Ondanks de afwezigheid van Si en metaaloppervlakken, worden de re
actieproducten H2, SiHF3 en SiF4 gevonden. Hun productiesnelheid neemt vol
gens een exponentiele functie van de tijd toe, wat duidt op een autokatalytisch 
proces. Na een zekere tijd groeit de productiesnelheid meer dan exponentieel, 
terwijl W depositie zichtbaar wordt. 

De initiele groeisnelheid, the exponentif:He toename en de meer dan expo. 
nenti{He toename zijn allen evenredig met het kwadraat van de SiH4-dichtheid 
en omgekeerd evenredig met de WF 6-dichtheid. Bij hogere drukken wordt de 
exponentiele toename evenredig met de vierde macht van de SiH4-dichtheid en 
omgekeerd evenredig met het kwadraat van de WF 6-dichtheid. De meer dan 
exponentiele toename start zodra ongeveer een monolaag W is afgezet. Uit 
LEIS metingen volgt dat voor deze tijd het gedeponeerde W voornamelijk aan
wezig is in vorm van een monolaag, terwijl vanaf deze tijd het gedeponeerde W 
een multilaag vorm aanneemt. Ilet gehele proces wordt versneld wanneer SiH4 
van tevoren aan de reactor wordt toegevoerd, terwijl van tevoren toelaten van 
WF6 geen effect heeft. 

Voor dit proces is een model opgesteld dat ervan uitga.at dat de reac· 
tie tussen twee SiH4-moleculen op een nucleatieplaats de snelheidsbepalende 
stap is. Hierbij wordt Si2H2n gevormd. Het remmend effect van WF 6 is de 
bezetting van de nucleatieplaats. Aanvankelijk vormen verontreinigingen in 
de kwartswand de nudeatieplaatsen. Het SbH2n-molecule rea.geert direct door 
met WF6 tot gasvormig H2, SiHF3 en SiF4 en gechemisorbeerd W2F4 en W2F6. 
Deze laatste twee deeltjes kunnen ook weer dienen als nucleatieplaats, wat het 
autokatalytisch gedrag verklaart. Wanneer de dichtheid van W 2F 4 en W 2F 6 



104 SAMENVATTING 

monolaagbedekking benadert, veroorzaakt de vorming van Si2H2n het doorrea
geren van deze deeltjes tot metallisch W. Bij dit process wordt mogelijk ook 
SiH2F2 gevormd. 

Bij hogere drukken reageren de Si2H2n-moleculen met elkaar tot gebieden 
met 'reactief' Si. Deze gebieden reageren met WF 6 direct door tot metallisch 
w. 

Beide onderzoeken geven nieuwe inzichten in de depositie van W op Si. 
Het meest opvallende resultaat bij het WF 6 /Si-onderzoek is het bestaan van 
een reactielaag, met zijn bijzondere eigenschappen. Het meest opmerkelijke 
bij het WF 6 /SiH4 /Si02-onderzoek is het feit dat verlies van selectiviteit bij 
deze reactie optreedt. Gelukkig gebeurt dit het langzaam vergeleken met de 
depositie van W op metallische oppervlakken. Omdat W in eerste instantie 
in een moleculaire vorm op Si02 wordt gedeponeerd, is het waarschijnlijk zeer 
goed mogelijk om deze moleculen selectief te verwijderen. 
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1. In tegenstelling tot de situatie waarbij de WF 6-aanvoer bepalend is voor de reactie
snelheid tussen WF 6 en Si, vormt zich bij een overmaat WF 6 een reactielaag op het 
Si van enkele nanometers dik. 

• G.J. Leusink, C.R. Kleijn, T.G.M. Oosterlaken, G.C.A.M. Janssen enS. Radelaar, J. 
Appl. Phys. 72 (1992) 490. 

• Dit proefschrift, hoofdstuk 3. 

2. Het argument van Green dat een Si-wafer in een hete reactor moet worden geintrodu
ceerd omdat dat in de industrie gebruikelijk is, strookt niet met zijn doel 'uitsluitend 
de aard van de verdringingsreactie te onderzoeken '. 

• M.L. Green, Y.S. Ali, T. Boone, B.A. Davidson, S.C. Feldman and S. Nakahara, 
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3. In tegenstelling tot de veronderstelling van Nakamura et al. dat het verlies van selec
tiviteit in het SiH4 /WF6-proces slechts optreedt bij een verhouding SiH4 /WF6 > 1 
en het gevolg is van een gasfase-reactie, wordt voor SiH4/WF6 < 1 ook selectiviteits
verlies gevonden ten gevolge van een autokatalytische oppervlaktereactie. 

• Y. Nakamura, N. Kobayashi, H. Goto en Y. Homma, Ext. Abstr. of the 1991 Int. 
Conf. on Solid State Dev. and Mat., Yokohama, 1991, p. 216. 
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4. Met het al dan niet optreden van 'staarten' in een LEIS-spectrum kan men onder
scheid maken tussen mono- en multilaagbedekking. 

• Dit proefschrift, hoofdstuk 4. 

5. De temperatuurafhankelijkheid van de zilverbedekking van het Ag/Si (111) .J3 x .J3 
R30° oppervlak wordt niet veroorzaakt door een energiebarriere voor de inbedding 
van het derde zilveratoom in de eenheidscel, zoals wordt voorgesteld door Raynerd 
et al., maar door de nucleatie van de Ag/Si (111) 3 x 1 structuur als intermediaire 
fase voor de groei van de Ag/Si (111) .J3 x .J3 R30° structuur. 

• G. Raynerd, M. Hardiman en J.A. Venables, Phys. Rev. B 44 (1991) 13803. 

• A.W. Denier van der Gon en R.M. Tromp, persoonlijk onderhoud. 



6. In het een-dimensionale minibandstructuurmodel dat Kouwenhoven et al. gebruiken 
voor de interpretatie van de geleiding van 15 gekoppelde quantum dots in serie worden 
ladingseffecten ten onrechte niet in beschouwing genomen. 

• L.P. Kouwenhoven, F.W.J. Hekking, B.J. van Wees, C.J.P.M. Harmans, C.E. Tim
mering, en C.T. Foxon, Phys. Rev. Lett. 65 (1990) 361. 

• B.W. Alphenaar, A.A.M. Staring, H. van Houten, M.A.A. Mabesoone, O.J.A. Buyk, 
en C.T. Foxon, Phys. Rev. B 46 (1992) 7236. 

7. Het is aannemelijk dat de oppervlaktesegregatie van fosfor in 3% fosfor-gedoteerd 
glas een veel belangrijkere rol speelt bij het voorkomen van selectiviteitsverlies tijdens 
W -CVD dan de de-activering van WF .,-moleculen door fosfor, zoals wordt voorgesteld 
door Creighton. 

• J.R. Creighton, in: Tungsten and Other Advanced Metals for ULSI Applications in 
1990, eds G.C. Smith and R. Blumenthal (MRS, Pittsburgh, PA, 1990) p. 73. 

8. Door de afmetingen van de elektronenbundel te vermelden geeft P.L. Gai-Boyes aan
leiding tot een foutieve opvatting van de ruimtelijke resolutie van de gegenereerde 
rontgenstraling in een hoge resolutie analytische elektronenmicroscoop. 

• P.L. Gai-Boyes, Ca.tal. Rev. - Sci. Eng. 34 (1992) 11. 

9. Het in situ meten van de WOF 4-concentratie kan goed worden gebruikt voor de 
bewaking van de kwaliteit van W-CVD. 

10. In het spanningsveld van de ARBO-wet en het lokatiebeleid in het kader van het 
'Nationaal Milieubeleidsplan Plus' (NMP +) is het bouwen van kantoren een schier 
onmogelijke zaak. 

11. Niet-dove mensen horen beter, dove mensen luisteren beter. 


