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Summary 

In the present work, the tungsten deposition on Si02 (quartz) during CVD of W using 
WF 6 and SiH4 has been studied by means of in-situ time resolved mass spectrometry. 
Supplementary techniques included XPS, AES and SEM. On the grounds of the results, a 
model for W growth on Si02 has been devised. 

The in-situ time resolved mass spectrometry measurements have shown that two pro
cesses are involved and that both are surface reactions: 

1. A continuous, time-independent process in which growth centra are formed which 
act as a precursor for inducing tungsten deposition on Si02 • This is the only process 
that occurs initially. This process is of second order in SiH4 and independent of WF 6 ; 

2. A self catalytic process in which the number of growth centra increases exponentially 
in time. This process starts as soon as growth centra are present and is also of second 
order in SiH4 • WF 6 has a restraining effect. 

When about 20 monolayers of tungsten are deposited, the reaction rate increases sig
nificantly. This is attributed to a transition of the growth centra from atomic tungsten to 
metallic tungsten. The tungsten deposition process then becomes of first order in SiH4 • 

The XPS and AES measurements have acknowledged that the deposited layer consists 
mainly of tungsten. The SEM measurements have acknowledged the formation of crystalite, 
metallic tungsten. 

The observed production of SiHF 3 , H2 and SiF 4 is in agreement with literature. The 
observed production of SiH2F 2 has not been reported before in literature. 
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Chapter 1 

Introduction 

The keyword in today's IC (integrated circuit) manufacturing technology is miniaturisation 
(VLSI, ULSI). Not only are dimensions of the different elements in the IC reduced, but 
also elements are stacked (multilevel design). This leads to several problems: 

• When dimensions of an IC are reduced by a factor f, sheet resistances increase by 
a factor f. Contact resistances increase by a factor f 2

• This leads to an increased 
energy dissipation in the conducting parts, which in turn necessitates the use of 
conductors with a good persistancy against high temperatures. 

• Upon miniaturisation, so-called electro-migration effects gain significance, which 
means that the structure of the conductor is changed due to the electron current 
through it. 

• Diffusion of silicon into the conductor becomes stronger at temperatures above ap
proximately a third of the melting point and increases its resistance. This means that 
this effect is smaller for refractory metals than for aluminum that is used nowadays. 

• Smaller dimensions mean an increase of the chance on mis-alignments in the several 
stages of IC production where masks are used. This increases the need for techniques 
with a 'self aligned' nature. 

• In multilevel design, submicron contact holes need to be filled with a conductor. 
Sputtering techniques that are used nowadays are no longer up to the job, so other 
techniques are needed. 

As can be seen in table 1.1, the refractory metals like Ti, Mo, Ta and Ware more suited 
than aluminum with its relative low melting point. Of these refractory metals, tungsten 
has the highest melting point and the lowest specific resistance. Furthermore, its thermal 
expansion coefficient is approximately equal to that of (poly) silicon, which cannot be 
said of aluminum. Silicides, which are also studied, have the advantage that they can be 
produced rather easily, but they have relative high values of specific resistance. 

5 
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material Tm p a 
oc µncm ppm/K 

poly Si 1412 500 3.0 

TiSi2 1538 13 - 17 10.5 
MoSi2 1980 22 - 100 8.2 
TaSh 2200 8 - 45 8.8 
WSh 1887 14 - 70 6.2 

Al 660 3 22 
Ti 1677 43 - 47 8.5 
Mo 2622 5 5.0 
Ta 2996 13 - 16 6.5 
w 3377 5.3 4.5 
Cu 1083 1.7 16 

Al/Si 570/660 2.6 - 3.7 24.0 

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

It is in the face of this kind of considerations that the chemical vapour deposition 
(CVD) of Won Si using WF6 has gained much interest over the last few years. W-CVD 
has proven to provide good step coverage and low contact resistance and has a selective 
nature, in that the metal is only deposited on Si and metal parts, but not (or hardly) 
deposited on the insulating parts (thermally grown Si02) of silicon substrates [1, 2]. 

From '87 onwards, the CVD of W using a combination of WF 6 and SiH4 ( silane) is 
studied [3]. The silane acts as a reducing agent, thereby decreasing the amount of silicon 
of the substrate that is otherwise consumed [l]. Another advantage of using silane is the 
relative high deposition rate (up to around 100 nm/min) at low (± 600 K) temperatures 
[4]. In spite of the selective nature of W-CVD, cases of W deposition on Si02 have been 
reported [5]. 

Although knowledge of W-CVD is extensive, there is still some uncertainty about the 
involved reaction mechanisms. This is why W-CVD is also studied at the TUE, in the 
group Surface and Interface Physics (FOG), a division of the Solid State Physics section. 

In the present work, the tungsten deposition on Si02 (quartz) during CVD of W using 
WF 6 and SiH4 has been studied by means of in-situ time resolved mass spectrometry. 
Supplementary techniques included XPS, AES and SEM. On the grounds of the results, 
a model for W growth on Si02 has been devised. This thesis will successively deal with 
the involved theories, the experimental set-up, the results and discussion, the model for W 
growth on Si02 and finally the conclusions and recommendations. 



Chapter 2 

Theory 

2.1 Chemical vapour deposition of tungsten 

2.1.1 Introduction 

In ordinary chemical vapour deposition of tungsten (W-CVD for short), tungstenhexa:fluo
ride (WF 6 ) gas is brought in contact with a heated silicon substrate. The WF 6 is reduced 
by the silicon, resulting in tungsten being deposited on the substrate. SiF 4 is formed as 
a gaseous by-product. The widely accepted overall reaction for temperatures lower than 
670 K is given by [6]: 

2WF6 (g) + 3Si(s)--.. 2W(s) + 3SiF4(g), ~H = 701 kJ/mol W. (2.1) 

Two of the major drawbacks of ordinary W-CVD are the (sometimes extreme) con
sumption of silicon of the substrate and the limited tungsten layer thickness. To overcome 
this problem, a reducing agent like silane (SiH4 ) can be added to the WF 6 • There is still 
some uncertainty about the exact reaction of W-CVD using silane reduction. Yu et. al. 
[7] propose a reaction where W, SiF 4 and H2 are formed: 

2WF6 (g) + 3SiH4 (g)--.. 2W(s) + 3SiF4(g) + 6H2(g), ~H = 752 kJ/mol W, (2.2) 

whereas Kobayashi et. al. [8] state that the main reaction is the one where (besides W 
and H2) SiHF 3 is formed: 

WF6(g) + 2SiH4(g)--.. W(s) + 2SiHF3(g) + 3H2(g), ~H = 374 kJ/mol W. (2.3) 

2.1.2 Selective nature of W-CVD 

It was said in the introduction that W-CVD is selective, in that the tungsten is only 
deposited on Si and metal parts, but not (or hardly) on Si02 • A possible explanation for 
this selective nature is given by ltoh et al. [1]. According to them, the first step of tungsten 
deposition is that adsorbed WF 6 molecules take electrons from the surface atoms, which 

7 



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

CHAPTER 2. THEORY 8 

leads to dissociation of the WF 6 molecules into WF x and F atoms. The WF x then acts as a 
precursor for tungsten deposition. Now the larger the value of solid electronegativity of the 
surface atoms, the harder it is for WF 6 molecules to take an electron. This, combined with 
the fact that the electronegativity of Si is lower than that of Si02, leads to the selective 
nature of the process. 

2.1.3 Selectivity loss during W-CVD 

The W-CVD is sometimes hindered by the inability to maintain selectivity for a sufficient 
growth duration, resulting in an undesired tungsten deposition on insulating parts (Si02). 
In this context, one speaks of selectivity loss. Apart from a number of extrinsic causes of 
selectivity loss, there is evidently at least one intrinsic cause [9). Proximity effects where 
the rate of tungsten nucleation on an oxide surface is effected by its proximity to an area 
of tungsten deposition (e.g. on silicon) are an example. This phenomenon also leads to 
an autocatalytic nucleation process in which the tungsten particle density appears to grow 
exponentially in time. In the proximity effect, a volatile (by-)product of the standard 
W-CVD process can act as a precursor for inducing selectivity loss. This product can 
be a silicon subfluoride formed in an interaction between WF 6 and silicon or a tungsten 
subfluoride formed in a reaction of WF 6 with the metallic tungsten. 

Evidence of a proximity effect in W-CVD using silane reduction is lacking and it seems 
that homogeneous chemistry may play an important role [9]. 

The proximity effect described above relates to the situation where the oxide surface 
is near to a silicon surface onto which tungsten is deposited in W-CVD. In the absence of 
such a silicon surface, it becomes harder to explain selectivity loss. One could imagine that 
WF6 molecules dissociate on a Si02 surface (ltoh's explanation for the selective nature of 
W-CVD doesn't rule out this possibility, although it's not likely) and WFx molecules are 
formed that initiate tungsten deposition. A proximity effect similar to the one described 
before can then lead to further tungsten deposition on other parts of the oxide surface. 
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2.2 Chemical reactions 

2.2.1 Introduction 

The majority of chemical reactions takes place between two substances, but occasionally 
only one or even three or more substances are involved [10). In many cases, the reaction 
is not spontaneous but has to be induced. In this context, one speaks of a so-called 
activation energy Eact· In these energy-activated processes, the energy of the involved 
atoms or molecules must be at least Eact in order to let the reaction take place [11]. 

When considering the natural rate of a chemical reaction, 11, (this is the reaction rate in 
the absence of a catalyst) important factors are therefore temperature and concentration 
of reactants. 

2.2.2 Reaction rate 

Two particle reactions 

Consider the following gas-phase reaction: 

A+B ~AB. (2.4) 

A mathematical expression for 11 can be derived a.s follows. Consider a particle A in the 
origin and a particle Bat a position with spherical coordinates (r,'19,</>) (see figure 2.1). 
Assume that A is at rest and that B interacts with A when its center comes within a 

Figure 2.1: A particle A and a particle Bat a distance r. 

distance R from the center of A. The probability P(r, '19, </>)of B interacting with A is then 
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given by the ratio of u = 7r R2 (the so called collision cross section) and the area of the 
sphere with radius r and center coordinates (r, {), </>)1 : 

(1 

P(r,{),</>)=-2 • (2.5) 
47rr 

Now consider a volume dV at (r, {),</>)with 

dV = r sin {)d</> ·rd{) · dr. (2.6) 

If [BJ is the concentration of B, then 

dNr,.o,<1> = [B]dV (2.7) 

is the number of B particles contained in dV. Assume that the mean thermal velocity of 
the B particles is (vs) with (vs) = JskT/7rma. In a time dt, only B particles within a 
distance r = (va}dt can interact with A. The total number of B particles that interact with 
A in a time dt, dNa-A, is then given by 

1(11B)dt r21r r 
dNa-+A = r=O J<f>=O J,,=O P(r, {), </>)dNr,'9,</> = u[B](va)dt. 

The number of B particles that interact with A per unit of time is then given by 

dNa-A _ [B)( ) dt - (1 VB • 

For reactions that are not energy activated, this is also the value for v: 

v = u[B)(va) . 

(2.8) 

(2.9) 

{2.10) 

The production of molecules AB, ha, defined as the number of molecules AB formed per 
unit time and per unit volume, is then given by 

ha = v[A] = u[A][B)(va) . (2.11) 

If the A particles are not at rest but have a mean velocity (vA), the derivation is similar and 

in equation 2.10 (vs) is replaced by (I VA-VB I)= JskT/7rµ whereµ= mAms/(mA +ms). 
For reactions that are energy activated, the expressions for v and JAB have to be 

multiplied by a factor J(Eact) which gives the fraction of particles with sufficient energy 
[12): 

v = u[B](va)f(Eact); 

JAB = u[A](B](va)f(Eact). 

(2.12) 
(2.13) 

Finally, assume that reaction 2.4 is a surface reaction where for example A is at rest on 
a surface. Equations 2.12 and 2.13 then have to be multiplied by!, because in this case{) 
runs from 0 to !7r. An additional factor l can arise from spherical effects, where P(r, </>, {)) 
often displays a -cos{) behaviour. 

The probability of a two particle gas-phase reaction as in reaction 2.4 is negligible, 
because it's very difficult to satisfy the conservation laws for energy and momentum with 
just two particles. The probability of a two particle surface reaction on the other hand, is 
much larger, since in this case the surface can absorb or supply energy and momentum. 

1The error that is made here is neglectable for r ~ R 
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Three particle reactions 

The expressions for v and JAB (equations 2.12 and 2.13) can easily be generalised for a 
three particle reaction of the form 

A + B + C -... ABC . (2.14) 

The condition here is that the third particle, C, must interact when A and B interact. 
Assume T is the interaction time. Then v can be written as 

(2.15) 

with 
(2.16) 

as in equation 2.12 and 
(2.17) 

Typical values for T are around 10-12 s for gas phase reactions2 • The production of 
molecules ABC, !ABC, is given by: 

(2.18) 

The probability of a three particle gas phase reaction as in reaction 2.14 is very small due 
to T being very small. On a surface on the other hand, this probability can be much larger 
when, because of reactants sticking to the surface, T is larger. 

Order of reaction 

Consider reaction 2.14. It is clear that in order to produce molecule ABC, one A, one 
B and one C are needed. The reaction is said to be of first order in A, B and C. The 
production hsc is linearly proportional to [A], [B] and [C]. 

Now, assume B=A. In this case, to produce molecule AAC, two A's and one C are 
needed. The reaction is then said to be of second order in A and of first order in C. 
The physical meaning is that two A's and one C must simultaneously interact to produce 
molecule AAC. In this case, !ABC is linearly proportional to [A]2 and [C]. 

2.2.3 Experimental determination of activation energy 

The expression for J(Eact) follows from the Maxwell-Boltzmann distribution law for the 
kinetic energy E of particles with respect to a moving particle [13], 

dn N _i 
dE = kTe 1cT' 

(2.19) 

2This can easily be seen as follows. T ~ 2R/{va). With R ~ 2A and {va) ~ 300 m s-1 , it follows that 
T,..,, 10-12 S. 
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which gives the number of particles having energy between E and E + dE (N is the total 
number of particles, Tis the temperature and k is Boltzmann's constant): 

1 loo dn loo e-lr .!w.. f(Eact) = - -dE = --dE = e- 1cT • 
N Eaci dE Eu1 kT 

(2.20) 

Again, consider reaction 2.4. Assuming that [A] and [BJ are constant, it follows from 
equation 2.12 that 

(2.21) 

where v0 is approximately independent of temperature [13]. This is called the Arrhenius 
relation. From 2.21 it follows: 

Eact 1 
Inv = In v0 - k · T . (2.22) 

Eact can then be determined from the slope of the plot of the natural logarithm of the 
observed rate v vs. 1/T, the so-called Arrhenius plot. 



Chapter 3 

Experimental 

3.1 Introduction 

The selectivity loss during W-CVD using silane reduction is studied by in-situ mass spec
trometry in a specially designed mass spectrometer set-up. Figure 3.1 shows a schematic. 
Several unique features (see chapter 3.3) are incorporated to enable time-resolved mea
surements and to produce the required pressure in the mass spectrometer compartment 
which is many orders smallers than the pressure in the reactor. The gases are supplied to 
the reactor, after which they reach the mass spectrometer. Here the reaction products are 
detected and the data is fed into a computer. In the next sections, the various parts of the 
set-up are discussed. 

gas 
supply 

unit 

cross valve 

by-pass 

rotary 
pump 

reactor 

rotary 
pump 

mass 
spectrometer 

cryo 
pump 

Figure 3.1: Schematic of the mass spectrometer set-up. 

3.2 The gas supply unit 

~-

computer 

The gas supply unit is shown in figure 3.2. The existing set-up has been expanded to 
meet the demands of W-CVD using silane reduction. After passing a system of valves and 
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MFC Ar2 

MFC Ar1 

MFC SiH4+Ar 

MFC WF6 

reactor to mass 
spectrometer 

--------- to by-pass 

Figure 3.2: The gas supply unit. 

regulators, the Ar, SiH4 and WF6 gases are directed to mass flow controllers (MFCs) with 
which the flow for each of the gases, and so their ratio, is controlled. Typical values for 
the flows range from ± 0.002 sccs1 to ± 0.15 secs. Appendix A deals with the calibration 
of these MFCs. Via an air-actuated cross valve, this mixture is then supplied either to the 
reactor or to a by-pass. A separate Ar lead ensures that when the Ar /SiH4/WF 6 mixture 
is flowing through one part (reactor or by-pass), argon is flowing through the other. This 
way, there's a continuous gasflow through both the reactor and the by-pass which prevents 
contaminations in the pumps from possibly getting back in the system. The by-pass has 
two main functions: 

1. prior to directing the reaction mixture to the reactor, it is directed to the by-pass. 
Here the individual gas flows are stabilized. For this purpose, the by-pass is built 
such that the conductance matches that of the reactor; 

2. in some experiments it is important that the supply of gas to the reactor can be 
stopped abruptly. This is achieved by switching the gas flow to the by-pass and 
simultaneously replacing it by an argon flow by means of the cross valve. 

1sccs stands for standard cubic centimeters per second. The standard conditions are T=598 K and 
p=l.Ox 105 Pa. 
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Finally, both the reactor and the by-pass have a pump of their own. This is done to prevent 
gases in the by-pass from getting into the reactor. The pumps are of the rotary vane type 
and use a special PFPE (Perfluoroalkylether) oil which is resistant against reactive gases 
such as WF 6 and HF. 

3.3 The mass spectrometer 

The mass spectrometer compartment is shown in figure 3.3, along with the reactor. The 
reactor consists of a quartz tube in which samples can be placed. A tube heater is placed 
around the reactor which makes it possible to heat the reactor up to around 1200 K. The 
temperature within the reactor is determined by a thermocouple which is tightly secured 
to the stainless steel shield between the heater and the reactor tube. It can be shown that 
the temperature of the sample is, within lK, equal to the temperature of the shield. 

reactor 
ayoshields ---

ionization chamber ---
pressure gauge ~ 

• mass spectrometer 

heater~ 
stainless steel shield 

quartztube ~ 

skimmer 
pinhole 

gas 

~=======================~~ 

WW WWW WWW W 

l 
to 

rotary pump 

Figure 3.3: The mass spectrometer. 

A quartz plate with a pinhole ( ~ 40 µm in diameter) in its center is placed at 1 mm from 
the end of the reactor tube. Most of the gas that leaves the reactor is pumped away by the 
rotary pump that is connected to the space between the reactor tube and the quartz plate. 
A small fraction of the gasmolecules however, passes the pinhole. This pinhole produces a 
large pressure drop in the transition from the reactor to the mass spectrometer. Typical 
pressures in the reactor are above 50 Pa, while the pressure in the mass spectrometer 
under operating conditions must be as low as 7 x 10-7 Pa. The pressure drop causes the 
molecular beam to expand which in turn prevents interactions between gasmolecules in the 
beam. 
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To make sure that only molecules traveling in a straight line from the pinhole to the 
ionization chamber of the mass spectrometer are detected, the mass spectrometer is sur
rounded by cryoshields at a temperature of 20 K. Apart from ensuring the preservation 
of time resolution, these shields also prevent the detection of molecules which may have 
reacted with the wall or with other molecules within the mass spectrometer compartment. 

In the ionization chamber, the gasmolecules are ionized by bombarding them with 75 
eV electrons. This ionization leads to a so-called cracking pattern, where different types 
of ions are formed from one type of molecule. A WF 6 molecule for example, can produce 
WFt, WFt, ... and w+ ions. Depending on the ionization energy of the specific molecules, 
even multiple ionizations are possible. For a WF 6 molecule these will lead to the production 
of for example WFt+ ... w++ and WFt++ and w+++ ions. 

3.4 Data-acquisition and -processing 

The communication between the computer and the mass spectrometer is provided by a 
Tecmar labmaster unit which is equipped with 16 12-bit DACs and 5 timer/counters. The 
procedure for detecting ions of a specific mass mion is as follows (see figure 3.4). A signal 
from the computer sets a voltage on the DAC-output that is linearly proportional to mion· 

This in turn causes the high frequency (HF) generator to set the appropriate voltage on 
the quadrupole. Out of the ions that are extracted from the ionization chamber, only the 
ones with the correct mass-to-charge ratio mion/e enter the multiplier. They then proceed 
to the collector at the end of the multiplier, creating electrons on their way. The resulting 
electric pulse is then turned into a TTL pulse by a pulse shaper/ discriminator after which 
a timer/ counter counts the number of these pulses for a certain time interval specified by 
the experimenter. In appendix C it is shown that this number is linearly proportional to 
the number of ions with mass mion· 

~. 

computer 

I 
I 

___ -tpulse shaper.,__ __ 

discriminator 

timer 
counter 

DAC 

c) multiplier 

c )l/r;9::1--
.~.?.r /(==~· 
~ : .. Jll ( ') Ionization 

_ _..,_~II ') dlamber 

------------- t labmaster 
gasmolecules 

Figure 3.4: Detection and data-acquisition. 

The computerprogram mscan is used to do the measurements. This program has two 
options: 
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• option spectrum. This option enables the experimenter to measure a mass spec
trum. The mass range is user selectable; 

• option timescan. This option enables the experimenter to monitor the signals for 
up to ten different molecules as a function of time. Some relevant user-adjustable 
parameters are: 

- what molecules are to be monitored (by specifying the charge-to-mass ratios 
mion/ e of the corresponding ions); 

- the sample time for each ion; 

- the total number of cycles (one cycle being a scan of all the ions); 

- the time between two successive cycles. 

The last three parameters determine the maximum duration of one uninterrupted 
measurement. When displaying the data, important options are: 

- redrawing of curves after correction for (natural) background levels. This correc
tion has to be made in order to obtain quantitative data from the measurements; 

- add channels: a powerful option to smooth the curves by adding a number of 
subsequent data points. This number is user definable. Note that this opera
tion differs from smoothing curves by means of an averaging process in that it 
preserves the applicability of Poisson-statistics. Its only effect is an afterwards 
increase of the sample time; 

- finally, the measurements can be stored in a file onto disc; output is possible to 
a printer or a plotter, to UTEXand into an ASCII file. 

3.5 Reactor: cleaning and baking out 

The quartz reactor tubes (length ± 1 m, inner diameter 7 mm) all undergo the same 
cleaning and baking-out procedure before each experiment. 

First, the tubes are cleaned with a 10% HF/ 103 HN03 solution for two minutes after 
which they are rinsed with demineralized water. Apart from etching the tubes, this solution 
also dissolves any tungsten deposition on the reactor wall, possibly formed in a previous 
experiment. 

The H20 content in the reactor is always regarded to be a disturbing factor in W-CVD 
experiments [15]. In order to minimize this content, after cleaning, the tubes are baked out 
at 1000 K for at least 15 hours. During this bake-out, a low pressure Ar flow (99.999%) is 
supplied to the reactor tubes. The tubes are then filled with Ar and mounted in the mass 
spectrometer set-up. 

After mounting follows an additional bake-out at 750 K for 30 minutes after which the 
desired temperature is chosen. The experiments are carried out after stabilization of this 
temperature. During the additional bake-out and the following 'stabilization period', an 
Ar flow is supplied to the reactor. 



Chapter 4 

Results and discussion 

4.1 Introduction 

In the in-situ mass spectrometric study of selectivity loss, the first task is to establish 
which reactants and reaction products have to be monitored. The reactants are WF 6 and 
SiH4. According to equations 2.2 and 2.3, the reaction products are H2, SiF 4 and SiHF3. 
It is clear that these molecules have to be monitored. Furthermore, it is not unwise to also 
include the remaining subfluorides SiH2F2 and SiH3F. 

It was said in chapter 3.3 that, upon ionization, molecules are ionized according to 
a cracking pattern. Cracking patterns can be found in literature [14]. Of course the 
conditions (for example the ionization energy) under which these data are obtained will 
not be identical to the ones used in this study, but as a guideline, they are useful. Table 
4.1 lists the cracking patterns for some relevant molecules. Cracking patterns for SiHF3, 
SiH2F 2 and SiH3F were not found in literature. 

molecule 10n mass ( a.m. u.) relative abundance (%) 
H2 H+ 1 3 

Ht 2 100 
SiF4 SiF+ 47 <10 

Si Ft 66 ¢::10 
Si Ft 85 100 
Si Ft 104 <10 

SiH4 SiH+ 29 <10 
Si Ht 30 100 
Si Ht 31 <10 
Si Ht 32 <10 

Table 4.1: Cracking patterns for H2, SiF4 and SiH4. 

18 
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4.2 Typical measurement 

The baking-out and mounting procedures are carried out as described in chapter 3.5. 
The desired flows for WF 6 and 1 %SiH4/99%Ar (and Ar1 if neccessary1) are set using 

the calibrations mentioned in appendix A. In order to eliminate the effect of any sudden 
pressure changes in the reactor when replacing the Ar2 flow by the WF 6 /SiH4 / Ar flow, the 
Ar2 flow is set equal to the combined WF 6 /SiH4 / Ar flow. 

As a function of time, the concentrations of SiH4, WF6 , SiF4, SiHF3, SiH2F2, H2 and 
WOF 4 are monitored by respectively measuring the signals of SiHj, WFt, SiFt combined 
with SiFt, SiHFt, SiH2F+, Ht and WO Ff. The reasons for choosing these ions will be 
discussed in the next chapter. 

Figure 4.1 shows a typical time resolved mass spectrometer measurement. As soon 
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Figure 4.1: A typical time resolved mass spectrometer measurement. T=570 K, Ptota1=46.1 Pa. 
Flows: WF6 : 1.41x1017 molecules/s, SiH4 : 2.13x1016 molecules/s, total: 2.27x1018 molecules/s. 
The WOF 4 signal has been omitted. Its magnitude is smaller than the detection limit. The curves 
are corrected for background levels. The SiF 4 signal has had an additional amount subtracted 
(More on this later). 

as the WF 6 /SiH4 / Ar flow is directed to the reactor (in this case at t=50 s ), the reaction 
products H2 , SiHF 3 and SiF 4 are detected, indicating that there is already a reaction 
where these molecules are formed. Furthermore, the production of these molecules rises 
exponentially in time. This behaviour will be discussed in some more detail in section 4.4. 

1See figure 3.2 for the definition of Ar1 and Ar2. 
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At about t=550 s, the curves for H2, SiHF 3 and SiF 4 start to deviate from the expo
nential behaviour in that they become steeper. The time where the curves start to deviate 
will be called r 2 from here on. This means that around this time either the reaction rate 
of an already existing reaction increases significantly or that another reaction becomes so 
dominant that it takes over. 

At about t=575 s, the SiH4 signal starts decreasing, which indicates that SiH4 is con
sumed in the reaction. 

An interesting observation is made for SiH2F 2. Its curve displays a maximum around 
t=650 s, after which a steady decrease is visible. Due to the low signal, it is not clear 
whether or not the curve rises exponentially in time prior to r 2• Probably, there is even no 
production of SiH2F2 at all prior to r 2• Note that the production of SiH2F2 has not been 
reported before in literature. 

The final steady state, in this case from about t=650 s, shows that all signals have be
come constant. This is explained by the fact that in this steady state all SiH4 is consumed; 
the reaction rate has reached a maximum value, due to transport limitation. 

As for the reactor, a visible change occurs by the time the SiH4 signal decreases. A 
silver gray film starts to grow on the reactor wall. This film will later be shown to consist 
of tungsten, as expected. The starting position of this film is at the downstream end of 
the heater , although incidentally film growth starts somewhere along the heater. In these 
cases, the starting position is not correlated with visible strains and imperfections of the 
quartz tube. 

As long as the WF 6 /SiH4 / Ar flow is maintained, the film grows thicker and its area 
expands, but there is no film growth on the part of the reactor wall that is outside the 
heater. 

4.3 Study of spectra 

By studying spectra for t ~ r2 and t ~ r2, it is possible to determine whether or not 
additional reaction products have to be included. Figure 4.2 shows a comparison of spectra 
(mass range: 0-140 a.m.u.) fort~ r2 and t ~ r2 • It is found that: 

• the signals for 2, 47, 67, 85 and 104 a.m.u. are larger in the second spectrum. If 
these signals are attributed to Ht, SiF+, SiHFt, SiFf and SiF! respectively, the rise 
of these signals is not unexpected considering the production of H2, SiHF 3 and SiF 4 

during CVD of W using SiH4 reduction. 

• the 30 a.m. u. signal has dropped in the second spectrum. This is also what is 
expected if this signal is attributed to SiHt ions that are created upon ionization of 
SiH4 molecules: during the CVD of W using SiH4 reduction, SiH4 is consumed. 

• the 49 a.m. u. signal is larger in the second spectrum. If this signal is attributed to 
SiH2F+ ions originating from SiH2F 2 molecules, then the conclusion must be that 
SiH2F 2 is also formed in the reaction. It is unlikely that SiH2F+ ions originate from 
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Figure 4.2: Comparison for spectra for t < T2 (upper figure) and for t > T2 (lower figure). 
T=568 K, Ptota1=46.1 Pa. Flows: WF6 : 1.41 x 1017 molecules/s, SiH4: 2.13 x 1016 molecules/s, 
total: 2.27 x 1018 molecules/s. 
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SiH3F molecules, since siliconfiuorides have the tendency of losing at least one F 
atom upon ionization. Ionization of SiH3F will most probably lead to SiHt ions, 
whose mass is almost equal to SiHt ions which are formed in the ionization of SiH4• 

This makes it difficult to determine whether or not SiH3F is formed in the reaction. 

• there's a slight decrease in the 281 a.m.u. signal {This signal is not shown in figure 
4.1). This signal is attributed to the WFt ion, originating from WF6 • The afore
mentioned decrease is then explained by the fact that tungsten is consumed during 
CVD ofW. 

Finally, also the 255 a.m.u. signal is measured. This signal is attributed to the WOFt ion 
originating from WOF4 and serves as a check wether or not there has been any water in 
the system. It is believed that water in the system reacts with WF6 [9]: 

WF 6 (g) + H20(g) -+ WOF 4(g) + 2HF(g) , t::.H = 16. 7 kJ /mol. ( 4.1) 

The HF then reacts with Si02 : 

Si02(s) + 4HF(g)-+ SiF4(g) + 2H20(g), t::.H = -171 kJ/mol. (4.2) 

So the presence of water in the reactor leads to the production of WOF 4 and SiF 4 • Figure 
4.3 shows a measurement where this is actually the case. Measurements that display this 
effect are rejected. 

4.4 Behaviour of reaction products prior to r 2 

Upon analysis of the curves of Ht (H2), SiHFt (SiHF3) and SiFt (SiHF3, SiF4 ) (all of 
them corrected for natural background levels) in numerous measurements, it is concluded 
that they rise exponentially in time until r 2 • If Sx(t) denotes the signal for ion X, one can 
write: 

(4.3) 

In some cases this exponential behaviour is observed over more than two decades. As was 
said before, it is unclear whether this also holds for SiH2F+. The exponential increase 
indicates that the products are formed in a sort of auto-catalytic process. 

Furthermore, the slopes of Ht and SiHFt are equal, i.e. r 1,H+ = r 1,siHF+. However, 
this does not hold for Ti,SiF+. Its value is about 1.5 to 2 times larg:r than r1,H~ in general. 
This difference seems a bit 

3
odd, since it is unlikely that more than one physiial process is 

involved ( r 1 is the timeconstant of the involved physical process). r 1,sift can be made equal 
to r1,H+ if an additional background is subtracted from the SiFI signal (see figure 4.1). In 
doing ~o, it is assumed that there is an additional source of SiF 4 , which is independent of 
the source that results in the production of H2 and SiHF 3• 
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Figure 4.3: The effect of water in the reactor. 

4.5 Initial signal of reaction products 

For an auto-catalytic process to initiate, there must be 'seeds'. The presence of these seeds 
is reflected in the fact that the signals of the reaction products start with a non-zero value 
So. 

Plotting the values of So vs. (SiH4] for several measurements {see figure 4.4) shows 
a S0 ,...,(SiH4]a behaviour, independent of [WF6], with a=l.8±0.2. This indicates that the 
initial reaction is of second order in silane. 

4.6 Supplying SiH4 and WF6 beforehand 

An interesting observation is made when only silane {and argon) is supplied to the reactor, 
prior to supplying the WF 6 /SiH4/ Ar mixture. 

In the experiment, initially only the SiH4 / Ar flow is supplied to the reactor for a time 
t0 • The flow is then replaced by an Ar flow by means of the switch valve. The WF 6 flow is 
added to the SiH4/ Ar flow which is now flowing through the by-pass lead. After the WF 6 

flow is stabilized, the WF 6 /SiH4/ Ar mixture is supplied to the reactor. The measurements 
are done at 570 K. 

A remarkable change in r 2 is observed: r 2 decreases from around 650 s for t0=0 s to 
less than 10 s for t 0 >5 s. Also, the visible tungsten deposition doesn't start at the end of 
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[SiH4] (m-3) 

Figure 4.4: So vs. [SiH4 ] for several measurements. Varied parameters include Qsm4 and Ptotal· 
T= 570±1 K. 

the heater, but somewhere in the middle of it. 
Doing the same experiment with WF 6 instead of SiH4 shows no change in T2. 

4. 7 Analysis of 7 1 and 72 

4. 7 .1 Relation between r1 and r2 

It is observed that r 1 and r 2 depend on the temperature and on the concentration of the 
reactants. 

An interesting observation is made when r 2 is plotted against r1 (see figure 4.7.1). It 
appears that, for pressures smaller than 290 Pa, r2 is linearly proportional to r1 : 

(4.4) 

The numerical value of a is 3.5 ± 0.1. For pressures over 290 Pa, a deviation from this 
linear dependency is observed. This is probably caused by the fact that at higher pres
sures, the gas-velocity becomes too small, and that the time-of-stay in the reactor becomes 
comparable to r1 and r2 • 
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• 

Tau1 (s) 

Figure 4.5: T2 as a function of r 1 for several measurements. Varied parameters include: T, Ptotal 

and r = Qsrn..,/QwF6 • 

4. 7 .2 Dependence on temperature 

This study will mainly focus on the understanding of the reaction meachanisms that are 
involved prior to r 2 • As a first approach, the temperature dependence of T1 is determined. 
Figure 4.6 shows the result, together with the temperature dependence of T2• There are 
more points in the Arrhenius plot of T2 than in the Arrhenius plot of T1 , because T2 is more 
easily determinable than T1• 

The graphs strongly indicate that the involved process is energy activated. From the 
figure it follows that: 

E 
_ { 0.30 ± 0.04 eV, To= 0.4 s (from T1) 

act - ( ) 0.36 ± 0.04 eV, To= 0.5 s from T2 

Note that the values for Eact are equal within the error range. 

4. 7 .3 Dependence on silane concentration 

Experimental 

The experimental procedure for determining the dependence of T1 on the silane concentra
tion [SiH4) is as follows: 
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Figure 4.6: Temperature dependence of r 1 (upper figure) and r 2 (lower figure). The maximum 
and minimum temperatures are 1128±1 K and 426±1 K respectively. Ptota1=46.1 Pa. Flows: 
WF6 : 1.41 x 1017 molecules/s, SiH4 : 2.13 x 1016 molecules/s, total: 2.27 x 1018 molecules/s. 
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• Measurements are done using different silane flows QsiH.. The variations in QsiH• are 
compensated with an extra argon flow QAr1 such that [WF6] remains constant. 

• The value of [SiH4] is calculated as follows: 

[SiH
4
] = QsiH• . [tot] = QsiH •. Ptotal , 

Qtotal Qtotal kT 
(4.5) 

where [tot] is the concentration of the combined WF6 /SiH4 / Ar1 flow. 

• In order to measure the r1-[SiH4] dependence for other (higher) values of [WF6], a 
smothering valve is used which is positioned at the beginning of the pump line (see 
figure 3.3). 

Results 

In figure 4. 7 the r1 and r2 values are plotted vs. [SiH4] for three different values of [WF 6]. 
A 1/r,....[SiH4]

2 dependence is observed for [WF6]=3.5x 1020 m-3
, both for r1 and r2 • This 

indicates that the rate limiting step of the involved process is of second order in [SiH4]. 

For higher values of [WF6], the dependence seems to become 1/r....,[SiH4]
0

, with n>2 
and increasing with [WF 6]. This would mean that the process becomes of higher order in 
silane with increasing [WF 6]. 

Note that 3.5 x 1020 m-3 is the only value of [WF6] where no use is made of the 
smothering valve. A phenomenon often encountered when smothering is demixing. This 
phenomenon will be dealt with in appendix B. There it will be shown that demixing does 
occur at the two highest values of [WF 6]. To see if demixing effects are indeed the cause 
of the deviant behaviour of r1 (and r2 ) at higher values of [WF6], the measurements are 
corrected in the following way. 

• Consider the three supplied types of molecules: SiH4 , WF 6 and Ar; 

• Assume that the flow is molecular, so that equation B.5 holds (it is shown in appendix 
B that the flow is not completely molecular, so the demixing effects are not at a 
maximum. This means that the measurements will be somewhat over-corrected); 

• from equations B.3 and B.4 it follows for the collision frequency /A that 

(4.6) 

In the equilibrium state, the supplied particle flow Q A,in is equal to the flow Q A,out 

that leaves the reactor, which in turn is linearly proportional to f A: 

(4.7) 
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Figure 4.7: r 1 (upper figure) and r 2 values (lower figure) plotted vs. [SiH4] for three values of 
[WFs]. T=570 K. Qtotal = 2.27 x 1018 molecules/s, QwF6 = 1.41 x 1017 molecules/s. Bullets 
represent measurements that are done without smothering. Ptotal lies between 46.1 Pa and 61.0 
Pa. The remaining measurements are done with smothering. The triangles are measurements 
where Ptota1=140 Pa. The boxes are measurements where Ptota1=293 Pa. The curves are a linear 
fit. The slopes in the upper figure are 2.0, 3.0 and 5.0 respectively. In the lower figure, they are 
1.9, 3.5 and 5.3 respectively. 
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From equations 4.6 and 4. 7 it follows that 

[A] = f A. Ei_ = QA)n. Ei_. (4.8) 
[B] /e V~ Qe)n V~ 

The measurements are corrected by solving the following 3 independent equations 
for [SiH4]: 

The solution for [SiH4] is 

[WF6] = Qsrn, · v'ffi"SiH. ·[tot]. 
QAr-JffiAr + Qsrn,Jmsrn, + QwFsJmwF6 

Correcting the curves in figure 4. 7 shows that the slopes of the curves remain practically the 
same. There's only a minor shift of the curves towards smaller values of [SiH4]. This is not 
surprising since the expression for [SiH4] shows that the corrected values are approximately 
linearly proportional to the uncorrected values of [SiH4]. The corrected values are± 15% 
smaller than the uncorrected ones. The changes in [WF 6] are negligible. 

The conclusion is that demixing is not the cause of the deviant behaviour of r2 at higher 
pressures. 

4. 7.4 Dependence on tungstenhexaftuoride concentration 

Experimental 

The experimental procedure is similar to the one used in 4.7.3: 

• Measurements are done using different WF 6 flows QwF6 ; [SiH4] is held constant by 
means of compensation with the Argon flow QAri; 

• The WF 6 concentration [WF 6] is calculated as follows: 

[WF6] = QwF6 ·[tot]. 
Qtotal 

(4.9) 

Results 

In figure 4.8 the r 1 (and r2 ) values are plotted as a function of [WF6] for two different 
values of [SiH4]. Due to experimental problems, the data are few. The values of T1 (and 
r2 ) for the measurements with the open symbols have been adjusted to the values of [SiH4] 
that belong to the matching filled symbols under the assumption that 1 / r1-[SiH4]2• 

The curves display a r-[WF6]n behaviour, with l<n<2. This indicates that although 
WF 6 is a reactant, it has a restraining effect on the reaction rate. Most likely, this effect is 
caused by a combination of two processes, one of which is linearly proportional to [WF6]-1 

and the other linearly proportional to [WF 6]-2 • 
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Figure 4.8: r 1 (upper figure) and r2 values (lower figure) plotted vs. [WFs]. 
T=570 K. •: [SiH4)=3.6x1019 m-3 , Qsm.=2.13x1016 molecules/s, •: [SiH4)=6.4x1019 m-3

, 

Qsm. =3. 73x 1016 molecules/s, o: Values of [SiH4] are within 15% equal to 3.6x 1019 m-3
• The 

values of r1 (and r2) are adjusted using the relation 1/r1 ""[SiH4)2. D: Values of [SiH4] are within 
30% equal to 6.4x1019 m-3 • The values of r1 (and r2 ) are adjusted using the aforementioned 
relation. The slopes of the curves are (going from top to bottom): 1.0±0.1, 1.7±0.2, 1.3±0.2, 
1.4±0.2. 
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4.8 Amount of tungsten deposited at T2 

4.8.1 Introduction 

It was observed that the curves of the reaction products rise exponentially in time. At r2, 
the curves start to deviate from this exponential behaviour; they become steeper. In order 
to understand what happens at r2, the tungsten deposition until T2 is investigated more 
closely. 

Furthermore, it was observed that some time after r2 a silver/gray film appears on the 
reactor wall (which will later be shown to consist of tungsten). It is most unlikely that 
there is no tungsten deposited prior to r2. The amount of tungsten deposited is just too 
small in order to perceive it. 

4.8.2 Calculation 

If one takes a look at reactions 2.2 and 2.3 then it is clear that the production rate of 
say H2 molecules is linearly proportional to that of the W atoms. This makes it possible 
to calculate the total amount of tungsten, Wt, that is produced until some arbitrary time 
t<r2: In chapter 4.4 it was shown that the curves for most of the reaction products X can 
be written as (see equation 4.3): 

Sx(t) ==So· et/Ti . 

The integral 

(4.10) 

gives the area under the X curve from t==O to t and is linearly proportional to the total 
amount of X produced until t. This value is linearly proportional to Wt: 

(4.11) 

where c is a constant. 
Suppose that only reaction 2.3 occurs, so that no SiF 4 is formed, but only SiHF 3• This 

implies that for every two SiH4 molecules that are used, one W atom is formed2. 
Suppose that the supplied :Bow of SiH4 is Q molecules/s. This means that for t:>r2 

(when all silane is used), !Q W atoms/s are formed. This means that the constant c in 
equation 4.11 is !Q/SH+(t:>r2). 

The value of So is ~ery sensitive to minor changes in subtracted background levels. 
This is circumvented by substituting So == SH+(r2)/e'T'2/"1 • Table 4.2 lists the calculated 
values of Wt vs. temperature for t==r2• Upon e~amination of the table, it is clear that the 

2The maximum error that is made here is when there's no SiHF3 formed, but only SiF4. This 
would mean that for every three SiH4 molecules, two W atoms are formed. The error then becomes 
((~-~ )/~)·100%=33%. 
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T (K) w,.2 (atoms) 
471 2.7xl017 

570 (1.4 ± 0.5)x1017 

725 1.5x 1016 

759 7.2xl015 

819 3.6xl015 

953 1.9x 1015 

1128 2.4xl015 

Table 4.2: W 'T2 values as a function of temperature. Ptotai=46.1 Pa, Qtotal = 2.27 X 1018 

molecules/s, QwF6 = 1.41 x 1017 molecules/s, Qsm. = 2.13 x 1016 molecules/s (except for 
T=570 K where Qsm. has been varied). 

higher the temperature, the lower W1"2: At 1128 K, W,.2 is about 100 times smaller than 
at 471 K. This decrease of W,.2 at higher temperatures can be explained by assuming that 
sticking coefficients decrease at higher temperatures, which results in a smaller total area 
onto which tungsten deposits. Another explanation can be that the conditions required 
for the sudden increase of the reaction rate are fulfilled earlier at elevated temperatures. 

The value of W,.2 at 570 K is an average of values of W,.2 that were obtained from mea
surements where the silane flow was varied. No dependence of W,.2 on Qsm. is observed. 

It is also possible to show that w,.2 is dependent on temperature, but not on silane flow 
without calculating W,.2 • Namely, it follows from equations 4.3 and 4.11 that 

(4.12) 

where c' is a constant. If W,.2 is to be a constant, it follows that 

(4.13) 

In figure 4.9 it can be seen that this is only the case if temperature is a constant. The 
conclusion is that W,.2 is dependent on temperature, but not on silane flow, just as the 
calculations have shown. 

The exponential behaviour of the reaction products indicates that all the tungsten that is 
formed remains in the (part of the) reactor (that is inside the heater). One can estimate 
the number of atomic layers of W that are deposited until r 2, or at least give a lower and 
upper limit for this number: At 570 K, as the lower limit, assume that the part of the 
reactor that is inside the heater (about 5.50x10-3 m2

) is completely and homogeneously 
covered with tungsten. This would mean 2.6x1019 W atoms/m2, which is equivalent to 2 
atomic layers of W. As for the upper limit, assume that all tungsten is deposited on the 



104 

~ 103 • 
::::J 
ai --C\I 
::::J 
ca 
t::, 

102 en .. 

-::::J 
ai --C\I 
::::J 

~ en 

CHAPTER 4. RESULTS AND DISCUSSION 33 

• 
• 

• • 

• 

. 

10-3 10-2 

1ffau1 (1/s) 

• 

10-3 

1ffau1 (1/s) 

• 
• • 

• 

Figure 4.9: S(r2) vs. l/r1. Upper figure: T: 471-1128 K, Ptotat=46.1 Pa. QwF6 = 1.4lxl017 

molecules/s, Qsm. = 2.13x1016 molecules/s, Qtotal = 2.27x1018 molecules/s. Lower figure: 
T=570 K, Ptota1=46.1 Pa, Qtotal = 2.27x1018 molecules/s, QwF6 = 1.41xl017 molecules/s, 
Qsm. : 2.13xl016 - 6.09x1015 molecules/s. 
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silver/gray ring that is observed at the end of the heater. The width of this ring is about 
2 cm (initially); this is equivalent to 20 atomic layers of tungsten. 

In the next chapter, the effect of the heater-length will be investigated. The results can 
give insight to the problem that is more or less stated above: on what part of the reactor 
is the tungsten deposited? 

4.8.3 Variation of length of heater 

The effect of the length of the heater on important parameters such as r 1 , T2 and W 'T2 

is investigated. For this purpose, the heater (length 25±1 cm) is replaced by a longer 
one (length 46±1 cm). The results are listed in table 4.8.3. From the table it is clear 

heater length T1 (s) T2 (s) w'T2 (atoms) 
25 ± 1 cm 143 ± 26 576 ± 180 (1.4 ± 0.5) x 1017 

46 ± 1 cm 106 ± 14 472 ± 180 (8.3 ± 0.2) x 1016 

Table 4.3: Mean values of T1, r2 and W'T2 for the two heaters. Errors are standard deviations 
Un. Conditions: T=570 K, Ptota1=46.1 Pa, Qsm, = 2.13 x 1016 molecules/s, QwF6 = 1.41 x 1017 

molecules/s, Qtotal = 2.27 x 1018 molecules/s, except for W72 , where also measurements with 
varied silane fl.ow are used (it was shown in the previous chapter that W T:l is independent of 
silane fl.ow). 

that, within the error ranges, the mean values of r 1 , r 2 and W 'T2 are the same for the two 
heaters. Under the assumption that the W density at t = r 2 is the same for both heaters, 
the conclusion must be that at t = r2 not all of the area of the reactor (within the heater) 
is (homogeneously) covered with tungsten, but only a small area and that this area is 
independent of the heater length. If this area is assumed to be the silver/ gray area that is 
initially visible, the number of atomic layers of tungsten is 20, as is shown previously. 

4.9 Tube with capillary 

4.9.1 Introduction 

The previous experiments have still not established the tungsten density at t = r 2 • There
fore, the following experiment is devised to determine this density more precisely. 

4.9.2 Experimental 

A quartz tube is equipped with a quartz capillary (outer diameter 2 mm, inner diameter 1 
mm) such that a Kanthal wire can be put through it (see figure 4.10). A power supply is 
connected to this wire, which enables the capillary to be heated. The goal is to just heat 
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Figure 4.10: Set-up for tube with capillary 

this capillary, so that the size of the deposition area is known. A further goal is to establish 
if the selectivity loss is a gas phase or a surface reaction. In the case of a surface reaction, 
the modified tube should give the same results as the ordinary tube. In the case of a gas 
phase reaction, different results can be expected due to the fact that when using the heated 
capillary, the gas will only be heated in the proximity of the capillary. A possible gas phase 
reaction is then less likely to occur. 

4.9.3 Results 

The initial temperature was set to 570 ± 5 K. The curves in the timescan display a similar 
behaviour as in experiments with the unmodified tube. The values for r 2 and r1 are 140± 10 
s and 44 ± 2 s respectively (Note that r2=(3.2 ± 0.4)r1 ). Around t=r2 , a silver/gray 
deposition appears on the capillary. The deposition area increases with time, covering 
adjacent parts of the tube. A steady state is reached after some time where the covered 
area extends through about 2 cm of the tube. Apparently, the heated area is not restricted 
to the capillary (Touching the covered parts of the tube confirms this). Therefore, it is 
still undetermined whether selectivity loss is a gas phase reaction or a surface reaction. 

It is observed that not all of the silane is used. Calculation of W 'T2 shows that the 
upper limit for the number of atomic tungsten layers (if one assumes that tungsten is only 
deposited on the capillary) is 21. The lower limit (if one assumes that the tungsten is 
homogeneously deposited on the observed silver/gray area) is 2. Note that both values 
were also found in the case of the unmodified tube. 

As an additional experiment, the silane flow is varied in the situation where the visible 
deposition area does not increase anymore. The total pressure is kept constant by using a 
compensating argon flow. In figure 4.11 the signals for SiFf and SiHFt are plotted as a 
function of [SiH4], averaged between the value of [SiH4] at the inlet and the value at the 
outlet of the tube. A slope 0.96 is observed for both SiHFj and SiFf. This indicates that 
for f~r2 (in the steady state), the process is of first order in SiH4 • Note that this differs 
from the result for t<r2 • Apparently, the processes for t"»r2 and for t<r2 are not identical. 
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Figure 4.11: Signals for SiFj and SiHFt plotted as a function of (SiH4). 

4.10 Tungsten deposition for t > r 2 

4.10.1 Introduction 

Until now, all research mainly focussed on the initial part of the process, that is, prior to T2• 

In this section, the region for t > T2 is investigated. The W growth has been investigated 
with techniques such as SEM (Scanning Electron Microscopy), XPS (X-ray Photoelectron 
Spectroscopy) and AES (Auger Electron Spectroscopy). 

4.10.2 Experimental 

The analysis of the deposited tungsten on the reactor wall (the quartz tube) by means of 
some surface analysis technique is difficult for obvious reasons. Therefore, the following 
approach is chosen. 

Quartz plates (10mmx5mmxlmm) a.re cleaned, etched and baked out in the same way 
as the quartz tubes. This means that the plates are placed in the tube prior to mounting 
the tube in the oven. Here, the tube is baked out together with the plates. The tube is 
then mounted in the set-up together with the plates. Figure 4.12 shows the mounted tube 
with the samples. The measurements are then done in the same way as before, i.e. without 
quartz plates. It is assumed that the plates do not disturb the gasflow too much in that 
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Figure 4.12: Quartz tube with quartz plates. The edges of the outermost samples are aligned 
with the ends of the heater. The remaining sample is placed in the center of the heater. 

they don't influence the W deposition on the reactor wall. Furthermore, the condition of 
a plate (i.e. amount of tungsten deposited) at a position x is assumed to be identical to 
that of the tube at x. The plates are analysed afterwards. 

4.10.3 Results 

XPS and AES analysis 

In the XPS analysis, two plates have been compared. All conditions except deposition 
time are the same. Figure 4.13 shows the results. Although a molybdenum mask was 
used, there are still some charging effects present, as indicated by the bumps and extra 
peaks in the spectra. Apart from carbon and oxygen there is also silicon and tungsten 
detected in the upper figure, whereas in the lower figure no silicon is detected, even after 
prolonged measuring time (so-called multiplexing). Keeping in mind that the information 
depth for XPS is around 4 atomic monolayers, this means that the Si originates from Si02 

(quartz) and that for the sample with the shortest deposition time, either the number of 
atomic W layers is less than 4, or the deposited W has not (yet) formed a closed layer. For 
the sample with the longer deposition time the deposited layer must be a lot thicker than 
5 atomic layers. 

The AES spectrum for the sample with the longer deposition time is shown in figure 
4.14. Besides oxygen, carbon and nitrogen only tungsten is detected. Just as with XPS, 
no silicon is detected. 

From the XPS and AES measurements it is concluded that the deposited layer consists 
of tungsten. 

SEM analysis 

The SEM measurements were done on four samples, ea.ch with a different deposition time. 
Figure 4.15 shows the results. Little tungsten particles can be seen on the surface that 
become larger with increasing deposition time. For t=t0+2200 s (to denotes the onset of 
the steady state), their diameter is about 1 micron and they seem to have a cubical shape, 
which indicates a possible crystal structure. With the used SEM equipment, it was not 
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possible to detect these particles prior to t 0 , so it is not possible to say at exactly what 
stage they are formed. It is most likely that somewhere between r 2 (or even prior to T2) 

and t 0 the deposited layer that is initially homogeneously covering (a part of) the reactor 
wall, starts to clot and particles are formed. 
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Figure 4.13: XPS spectra for quartz samples with different deposition time. The upper figure 
is for the quartz plate with the lowest deposition time (A very thin gray deposition is visible). 
Here, the reaction mixture is replaced by Ar at t= 1300 s, around the point of infliction of the Ht 
curve. The lower figure is for the sample with the longer deposition time (A thick untransparent 
silver/gray deposition is visible) The reaction mixture is replaced by Ar at t=±4000 s. Conditions: 
T=570 K, Ptotat=46.1 Pa, QsiH. = 2.13 x 1016 molecules/s, QwF6 = 1.41 x 1017 molecules/s, 
Qtotal = 2.27 X 1018 molecules/s. 
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Figure 4.14: AES spectrum of the sample with the longest deposition time. 
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Figure 4.15: SEM photographs of deposited W layers. The time at which the reaction mixture 
is replaced by Ar is stated in the photos. The time t=to denotes the onset of the steady state. 
Magnification: 10 OOOx. Conditions: see previous figures. 



Chapter 5 

Model for tungsten deposition on 
quartz 

5.1 Introduction 

The final part of this thesis will contain a possible model for the tungsten growth on 
quartz, devised on the grounds of the results. The proposed model will be restricted to 
times t < T2• To begin with, some general starting points will be discussed. Next, the 
model follows. At the end, there will be some remarks regarding the W growth fort> T2 • 

In the model, which is based on the starting points, some "intermediate molecules" 
will be proposed. It has not been possible to prove their existence. This means that it 
is possible that in reality, these intermediate molecules have a somewhat different struc
ture or composition. Fact is that the proposed molecules satisfy the starting points and 
observations. 

5.2 General starting points 

The model is based on the following starting points. 

• The experiments have shown that SiH4 and WF 6 are the only reactants. On the one 
hand there are the timescans that show that both SiH4 and WF 6 are consumed. On 
the other, experiments where the supply of either SiH4 or WF6 was stopped during the 
measurements have shown the production of reaction by-products to cease. Finally, 
the deposited layer can be removed easily, which indicates that no chemical bonds 
between the tungsten and the quartz are present. This means that Si02 is not a 
reactant. 

• AES and XPS measurements have shown that for t>T2 the deposited layer consists 
of tungsten. This means that for t<T2 at least the main element in the deposited 
layer is tungsten. 

42 
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• The reaction by-products are SiHF3, H2, Sif 4 and, for t>r2 , SiH2F2• It is assumed 
that, of Si HF 3 and SiF 4, SiHF 3 is the main reaction product. 

• The measurements in chapter 4. 7 .3 have shown that the rate limiting step of the 
overall deposition process is (at least for Ptotal=46.l Pa) of second order in SiH4• It 
was observed that WF6 has a restraining effect on the reaction rate. Apparently, two 
processes are involved: One that is linearly proportional to (WF 61-1 and the other 
linearly proportional to (WF 61-2• 

• An estimation for the reaction rate v for a three particle gas-phase reaction (see equa
tions 2.15 and 2.21 with J(Eact)=l) under experimental conditions1 gives v0 ,..,,10-5 s-1 , 

which is many orders smaller than the experimental value of v0=2 s-1 • This means 
that most probably the involved reaction is a surface reaction and that adsorption 
of one or both of the reactants on the quartz surface leads to an increase in the 
interaction time (or intermediate lifetime) T (see chapter 2.2.2). 

• Experiments where silane was supplied beforehand (chapter 4.6) have shown that 
the surface must be covered with an unknown amount of SiH4 , even after having 
supplied argon for about 1 minute. This indicates that SiH4 molecules adsorb on 
the surface and that this influences the process. The observed restraining effect of 
WF 6 leads to the assumption that the relatively heavy WF 6 molecules can remove 
adsorbed SiH4 molecules. Finally, it was observed that supplying WF 6 beforehand 
has no perceptible effect on the process. Apparently, either WF 6 molecules do not 
adsorb easily on the quartz surface, or they do adsorb, but this doesn't influence the 
process significantly. 

• It was observed that the signals S(t) of the reaction products SiHF3 , H2 and SiF4 

increase exponentially in time: 

(5.1) 

The measured signal SsmF3(t) is linearly proportional to the produced flow of SiHF3 

particles JsmF3(t) (the same holds for H2). This means that there is an exponential 
increase in JsmF3(t): 

( ) 
tf'r dJsiHF3 1 

JsiHF3 t = Joe 1 =? = - · JsmF3 . dt T1 
(5.2) 

This can be explained by assuming that some sort of growth centra are formed on 
the surface, and that SiHF3 is formed in this process. If n(t) is the total number of 
growth centra at time t, one has: 

dn(t) 
JsiHF3 (t) =a· dt, 

1Concentr<!-tion of reactants: ~1020 m-3, (v}~300 m s- 1 , u:::::1l x 10- 19 m 2. 

Then: v=v1 rv2=vo~10- 5 s-1 . 

(5.3) 
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where a is the number of SiHF3 molecules formed in the production of one growth 
centre. From equations 5.2 and 5.3 it follows that 

d
2
n(t) = ..!_ • dn(t) => dn(t) = ..!_n(t) + c, 

dt2 Ti dt dt Ti (
5.4) 

where c is a constant. The expression for c follows from equations 5.3 and 5.4: 
c=JsiHF3 (0)/a. From equation 5.4 it follows that 2 mechanisms are involved, namely: 

1. d':l/) = C = ~ 'JsiHF3 (0) · 
This means that there is a continuous, time-independent production of growth 
centra. Because n(O)=O, this is the only mechanism at t=O. The observed 
S0 -[SiH4]2 dependency (see chapter 4.5) indicates that this mechanism is of 
second order in silane. 

2. d~~t) = ;i n(t) . 
This means that this mechanism is of a self catalytic nature. The rate limiting 
step of this process is also of second order in silane, as was found in chapter 
4.7.3. 

5.3 Adsorption of silane 

It was said before that SiH4 adsorbs on the quartz wall and that WF 6 can remove ad
sorbed SiH4 molecules. It is assumed that argon molecules, due to their relatively small 
mass, can't remove adsorbed SiH4 molecules. Furthermore, it is likely that temperature 
induced desorption of SiH4 is of minor importance. The following expression for the surface 
concentration of SiH4 , 1 [SiH4], can now be given: 

ds[~~H4] = ~ (vsiH4 )(1 - d(t)) · s · g[SiH4] - ~ (vwF6 ) • g · 1 [SiH4] · u · g[WF6], (5.5) 

where (vx) is the mean thermal velocity of X and u is the collision cross section for the 
interaction between a WF 6 molecule and an adsorbed SiH4 molecule. g[X] denotes the gas 
concentration of X. d(t) is the covered fraction of the surface. 

The first term on the right gives the number of SiH4 molecules that collide with the 
surface and adsorb (per unit of time, per unit of area). f 1 is a spherical factor whose value 
lies between ! and 1. The probability of a SiH4 molecule sticking to the surface is given 
by the sticking factors. 

The second term on the right represents the number of adsorbed SiH4 molecules that are 
removed by incoming WF6 molecules (per unit of time, per unit of area). The probability 
of a SiH4 molecule being removed from the surface by an incoming WF 6 molecule is given 
by g. 

In the steady state, d'[~~,J = 0. From equation 5.5 it follows that 

8 [SiH
4

] = fi . (vsiH,) . (1 - d)s . g[SiH4] • .!_ = f3. s[SiH4] ( 5.6) 
f2 (vwF6 ) g g(WF6] u g(WF6] ' 

where f3 is a constant (at constant temperature). 
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5.4 Reaction mechanism 

1. Time-independent production of growth centra 

Two SiH4 molecules and one WF 6 molecule are needed to form a growth center on the 
sudace (The probability of more than one WF6 molecule is negligible). Furthermore, 
SiHF 3 , H2 and SiF 4 are formed in the process. There are three possibilities regarding the 
two SiH4 molecules: 

1. Both are from the gas phase; 

2. Both are adsorbed molecules; 

3. One is from the gas phase and the other is an adsorbed molecule. 

The first possibility is rejected, because the probability of the coincidence of three gas 
phase molecules is negligible (see chapter 2.2.2). Of the remaining possibilities, the third 
is chosen for reasons that will be given in the next chapter. 

The interaction possibly leads to the creation of an intermediary WShF 6H2 molecule 
as shown in figure 5. la. The reason for the need of two SiH4 molecules could be that 
formation of a H2 molecule from the H atoms of a single SiH4 molecule is restricted due to 
reasons of a spherical nature. 

Next, the WSi2F6H2 molecule reacts with a WF6 molecule as shown in figure 5.lb. The 
W 2F 6 molecules that are formed are presumed to be the aforementioned growth centra. 

2. Exponential increase of growth centra 

Assuming the W 2F 6 molecules to be the growth centra, a W 2F 6 molecule must react with 
SiH4 and WF 6 and form two W 2F 6 molecules. 

This process starts with the formation of W3F6 in the coincidence of one W2F6 , one 
WF6 and two SiH4 molecules as shown in figure 5.lc. H2 and SiHF3 are produced. This 
step is the rate limiting one. 

One of the two SiH4 molecules is adsorbed. The other can either be adsorbed, or be 
from the gas phase. Both possibilities occur as will be shown at the end of the next chapter. 

From this W3F6 molecule, two W2F6 molecules are formed as shown in figure 5.ld. 
This explains the observed exponential growth rate. 

5.5 Production of W2F6 

From chapter 5.4 it follows that the time dependency of •[W2F6] can be written as 

d·[~;F 61 = 'YWFs • •[SiH4] . '[SiH4] . '[WF 6] + 'YW2Fs • •[SiH4] . •,g[SiH4] . ·rw 2F 6] . (5. 7) 

The first term on the right represents the time-independent production of W 2F 6· The con
stant /WFs contains parameters like the collision cross section. The second term represents 
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the exponential increase of 8 [W 2F 6). •·g[SiH4) denotes that SiH4 molecules, both adsorbed 
and from the gas phase, are involved. The constant ")'W2F6 is similar to iWFs. 

From equations 5.4 and 5.7 it follows with n(t) = 8 [W2F6) that 

1 

JsiHF3{0) 

Now, one can easily see why one of the SiH4 molecules in figure 5.la is an adsorbed one and 
the other one is from the gas phase. Only then will the expression for JsmF3{0) reduce to 
the observed JsiHF3 {0)"'(SiH4)2 behaviour, independent of (WF6]· Similarly, it is clear why 
in figure 5.lc, one of the two SiH4 molecules is adsorbed and the other is either adsorbed 
or from the gas phase: 

1. In the case where one is adsorbed and one is from the gas phase, the expression for 
1/r1 reduces to a 1/r1 "'[SiH4)2 /(WF 6) dependency. 

2. In the case where both are adsorbed, the expression for 1 / r 1 reduces to a 
1/r1 "'(SiH4]2 /[WF6 ]2 behaviour. 

A combination of both behaviours was observed (see chapter 4.7.4). 
Finally, it should be noted that the model does not account for the production of SiF 4. 

5.6 Tungsten growth for t > r 2 

The SEM measurements have shown that for f;;pr2 (the steady state), the deposition layer 
consists of metallic tungsten. Apparently, a transition from W2F6 molecules to metallic 
Wis involved. This transition is assumed to start at t=r2• It could be that the required 
conditions for the transition are not present prior to t=r2• One could for example think of 
a sufficient W-density that has to be present in order to induce the transition. 

Metallic W is a better electron donor than W 2F 6 • This means that it is easier for 
WF 6 molecules to take an electron from metallic W than from W 2F 6, leading to an easier 
dissociation of WF6 on metallic W (there's a similarity here with Itoh's explanation for 
the selective nature of W-CVD given in section 2.1.2). The same effect is assumed to hold 
for SiH4. Apparently, these effects lead to a different process of tungsten deposition, which 
is of first order in SiH4. The production of SiH2F 2 is assumed to be another consequence. 
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Figure 5.1: Reaction mechanism for the tungsten deposition on quartz. The time-independent 
production of growth centra is shown in a and b and the exponential increase of the number of 
growth centra is shown in c and d. 



Chapter 6 

Conclusions 

The in-situ time resolved mass spectrometry measurements have shown that two processes 
are involved and that both are surface reactions: 

1. A continuous, time-independent process in which growth centra are formed which 
act as a precursor for inducing tungsten deposition on Si02. This is the only process 
that occurs initially. This process is of second order in SiH4 and independent of WF 6 ; 

2. A self catalytic process in which the number of growth centra increases exponentially 
in time. This process starts as soon as growth centra are present and is also of second 
order in SiH4 • WF 6 has a restraining effect. 

When about 20 monolayers of tungsten are deposited, the reaction rate increases sig
nificantly. This is attributed to a transition of the growth centra from atomic tungsten to 
metallic tungsten. The tungsten deposition process then becomes of first order in SiH4• 

The XPS and AES measurements have acknowledged that the deposited layer consists 
mainly of tungsten. The SEM measurements have acknowledged the formation of crystalite, 
metallic tungsten. 

The observed production of SiHF3, H2 and SiF4 is in agreement with literature. The 
observed production of SiH2F 2 has not been reported before in literature. 

On the grounds of the observations, the following model is proposed. 
In the continuous, time-independent process, a WF 6 molecule and a SiH4 molecule, both 

from the gas phase, react with an adsorbed SiH4 molecule. An intermediate WShF 6H2 
molecule is formed. A WF 6 molecule from the gas phase reacts with this molecule and a 
W 2F 6 molecule is formed. This W 2F 6 molecule serves as a growth centre. 

The self catalytic process starts with the formation of W 3 F 6 molecules in the coinci
dence of one W 2F 6, one WF a and two SiH4 molecules. One of the two SiH4 molecules is 
adsorbed. The other can either be adsorbed, or be from the gas phase. Both possibilities 
occur. A WF6 molecule from the gas phase reacts with this W3F6 molecule and two W2F6 

molecules are formed. 

48 



CHAPTER 6. CONCLUSIONS 49 

The proposed intermediate molecules in the model have not been proved to exist. It 
is possible that in reality they have a somewhat different structure or composition. Fact 
is that they satisfy the observations (especially that two processes, one time-independent 
and the other self catalytic, are involved and that they are of second order in SiH4). 
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Appendix A 

Calibration of the mass flow 
controllers 

A.1 Introduction 

There are four mass flow controllers (MFCs) in the mass spectrometer set-up that have to 
be calibrated: 

• two MFCs used for Ar, one calibrated for NF 3 and one for H2 in the past. In the 
following, they will be referred to as the Ar1 -MFC and the Ar2-MFC respectively; 

• one MFC used for WF 6 and calibrated for WF 6 in the past, but this calibration might 
not be valid anymore. This MFC will be referred to as the WF6-MFC; 

• one MFC used for a 1 %SiH4/99%Ar mixture, calibrated for SiH4 in the past. This 
MFC will be referred to as the SiH4 / Ar-MFC. 

A.2 Theory 

Boyle's law states that 
N 

p V = N kT => p = - · kT = nkT , v (A.1) 

where N is the number of molecules in the volume V, n the concentration of molecules 
(n = N/V), T the temperature, p the pressure and k Boltzmann's number. By introducing 
the total flow of particles Q, one can deduct from equation A.1: 

dp kT dN kT 
-=-·-=-·Q=c·Q 
dt v dt v ' (A.2) 

where c is a constant at constant T. 
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A.3 Experimental 

The calibration of the MFGs is done in two steps: 

1. relative calibration, i.e. determining dp/dt as a function of the MFG-readout of all 
four MFGs; 

2. absolute calibration, i.e. determining Q as a function of the MFG-readout, of the 
two Ar-MFGs (directly using a soap film meter) and of the WF 6- and SiH4/ Ar-MFGs 
(indirectly, because of the dangerous nature of both WF 6 and SiH4 , using the results 
of the absolute calibration of the Ar-MFGs). 

The part of the mass spectrometer set-up used to perform the calibrations is shown in 
figure A.I. 

Ar-- MFC pressure gauge 

reactor 
Ar-- MFC (1) 

computer 

SiH4---1 MFC = 
~ soap film meter (2) 

WF6 MFC 

Figure A.1: The part of the mass spectrometer set-up used to calibrate the MFCs. (1): relative 
calibration, (2): absolute calibration. 

A.3.1 Relative calibration 

In order to perform the relative calibrations, the computerprogram mscan is used. By 
making a timescan, the pressure in the reaction chamber is measured (by a membrane
type pressure gauge) as a function of time. This is done for each gas as a function of the 
MFG-readout. Figure A.2 shows a typical measurement. One can observe that after a 
few seconds the curve has become linear, indicating that dp/dt is a constant. From the 
measurements, dp/dt is determined as a function of the MFG-readout for all four of the 
MFGs. 

A.3.2 Absolute calibration 

By directing the Ar gas into a soap film meter, Q is measured as a function of the MFG
readout. After a least squares fit, the first two calibrations are obtained: 
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Figure A.2: Pressure vs time. At t=2 s the gas is directed into the reaction chamber. 

• for the Ar1-MFC, Q = (1.71±0.04) x 10-3x + (-0.05 ± 0.01), 
with x the MFC-readout; 

• for the ArrMFC, Q = (8.5 ± 0.2) x 10-3 x + (0.026 ± 0.002). 

From the soap film measurements, Q as a function of dp/dt is determined using the measure
ments of step 1. After a least squares fit, the constant c in equation A.2 is determined. For 
the Ar1-MFC, c = 0.60 ± 0.01 sccs Pa-1 is obtained; for the ArrMFC, c = 0.61±0.01 sec
s Pa-1 is obtained. Both values of c lead to an average value of c = 0.61±0.02 sccs Pa-1

• 

Using this constant, Q as a function of MFC-readout is determined for the two remaining 
MFCs. After a least squares fit, the following calibrations are obtained: 

• for the WF6-MFC: Q = (2.02 ± 0.02) x 10-•x + (2.1±0.3) x 10-3
; 

• for the SiH4/ Ar-MFC: Q = (2.28 ± 0.02) x 10-•x + (3.2 ± 0.3) x 10-3
• 



Appendix B 

Gasflows in vacuum systems 

B.1 Introduction 

Consider a gasflow Q through a certain element of a vacuum system. This flow will be 
subject to a certain resistance W. One can write [16]: 

D.p 
Q = -- = -D.p. c' w (B.1) 

where D.p is the pressure drop over the element and C the conductance of the element. 
A gasfiow is said to be molecular if the mean free path of the particles (molecules, 

atoms), ..\, is larger than the dimensions of the element, d: 

(B.2) 

This means that the number of collisions between particles can be neglected compared to 
the number of collisions of the particles with the walls of the element. In the case where the 
number of collisions of the particles with the walls are neglectable compared to the number 
of collisions between the particles, the gasfiow is called laminar. When the pressure gets 
too large, the gasfiow is called turbulent. 

B.2 Demixing 

Consider a closed box which contains a gas with two different atoms A and B with masses 
mA and ma. The number of X-atoms that collide with the wall (per second, per m2), fx, 
can be written as: 

1 
f x = 4 · [X] · ( vx) , (B.3) 

where [X] is the concentration of X (X= A, B) and (vx) is the mean thermal velocity of 
X: 

(B.4) 

54 
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If for example mA >ma, then one has: 

I A = [A] . E!i_ < [A] . 
fa [B] V~ [B] 

(B.5) 

This means that the lighter atoms B collide relatively more often with the walls than the 
heavier atoms A. 

Now consider the same box, but now with a small hole in it, of which the aperture 
d is smaller than ..\x. Because the lighter atoms B collide relatively more often with the 
walls, the probability of a B atom exiting the box through the hole is larger than that of 
an A atom. This means that the initial ratio of the concentration in the box, {A]/[B], will 
change with time. This is called demixing. 

B.3 Demixing effects in experiments 

B.3.1 Introduction 

The deviant r 2 - (SiH4] behaviour at higher values of Ptotal (see chapter 4. 7.3) is believed 
to be caused by demixing effects when smothering. Some measurements are done to check 
wether or not demixing actually occurs. 

B.3.2 Theory 

The situation without the use of the smothering valve is seen in figure B.1. The flow is 

p1 

l 
gas inlet ---+ REACTOR 

p2 

l 
ADSORPTION 

TRAP 

Figure B.1: Schematic of the situation without smothering. 

ROTARY 
PUMP 

laminar and the conductance of the system is mainly determined by the lead between the 
reactor and the adsorption trap. This lead can be thought of being a cylindrical tube. In 
the case of laminar flow, the conductance of a cylindrical tube with length Land radius R 
for air at 300 K is given by: 

c = 2.86 . -~pR4 ' 
L 

(B.6) 

where ~p is the pressure drop over the lead. For other gases this has to be multiplied by 
a factor T/air,3ooK/T/gas,T with T/air,300K the viscosity of air at 300 K and T/gas,T the viscosity of 
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the gas of interest at temperature T. In the case of the adsorption trap, !l.p = P2-Pt· Now 
P2 ~Pt and Pt ~ PtotaI, so: C""'Ptotal· Substitution in B.1 gives: Q ""'!l.p2 = (P2 - pi)2 ~ 

2 
Ptotal' SO 

Q ,...., 2 
Ptotal • (B.7) 

The situation with the use of the smothering valve is seen in B.2. In this case, the flow 

gas inlet ---+- REACTOR 

p1 p2 

! ! 
' t 

smothering valve 

ADSORPTION 

TRAP 

Figure B.2: schematic of the situation with smothering. 

ROTARY 

PUMP 

is molecular and the conductance of the system is mainly determined by the smothering 
valve. The conductance of any arbitrarily shaped aperture is pressure-independent, so 
C :rfC(Ptotat). Substitution in B.l gives: Q""'!l.p, with !l.p = P2 - Pt ~-Ptotal, so 

Q ""Ptotal · (B.8) 

B.3.3 Experimental 

An argon flow is used to measure the Q - Ptotal dependence for different settings of the 
smothering valve. Figure B.3 shows the results. In the case where there's been no smoth
ering (curve I), a slope 2 indicating Q""'P~otal is observed. This is what is expected for 
laminar flows. 

Curves II and III indicate that increased smothering tends to shift the Q""'P~otal be
haviour towards a Q""'Ptotal behaviour. The fact that curves II and III are somewhere 
'between' these two behaviours indicates that in these cases the flows are not yet com
pletely molecular. This means that the degree of demixing is not at a maximum and 
increases with the level of smothering. 

The demixing effect at the site of the smothering valve extends through the complete 
reactor because of the fact that the thermal velocity of the molecules is far greater than the 
gasflow velocity. From B.5 and the fact that msm, < mwFe it follows that (SiH4]/(WF6] in 
the reactor is smaller than at the inlet. 
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102 

Ptotal (Pa) 

Figure B.3: L-lg Q vs. log Ptotal for several settings of the smothering valve. I: no smothering, 
II: smothering (Ptota1=280 Pa at Q = 2.27 x 1018 molecules/s), III: smothering (Ptota1=410 Pa at 
Q = 2.27 x 1018 molecules/s). 



Appendix C 

Apparatus profile 

C.1 Flow through pinhole and skimmer 

C.1.1 Escape of molecules through a hole 

Consider a box with some sort of gas in it with density n0 at a constant temperature and 
pressure. The box has a little round hole (area A) in it (see figure C.l). The number of 
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Figure C.1: Escape of molecules through a hole. 

molecules <I>(d) that reach a target with area a at coordinates (R, iJ, </>) can {for R ~ JO, 
and R ~ VA) be written as: 

<I>(iJ) = noaA(v) cos {J 

47r R2 ' 
(C.1) 

58 
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with ( v} the mean thermal velocity of the molecules. For a skimmer with an aperture of 
area a at {) = 0 one has: 

;r..(O) = noaA(v} ,...., 
'*' 47r R2 no . (C.2) 

So the number of molecules that pass the skimmer is linearly proportional to the density 
of the molecules in the box. This means that in the case of the mass spectrometer, the 
number of molecules that pass the skimmer is linearly proportional to the density no in 
the reactor. 

A more detailed analysis can be found in [17], where the expansion through a nozzle is 
described. The same result is found: The number of molecules passing the skimmer (per 
unit of time) is linearly proportional to n0 • 

C.2 Ionization 

After passing the skimmer, the molecules reach the ionization chamber. There, molecules 
of type X will produce a partial pressure Px. A small fraction of these molecules is ionized 
by bombarding them with electrons. The number of ions of type x+ created per unit of 
time in the ionization of type X molecules is given by 

dX+ 
dt = 1- . ,\ . sx+x . Px , (C.3) 

where 1- is the ionization current, ,\ the mean free path of the electrons in the ionization 
chamber and sx+x the number of x+ ions created by one electron over a path of unit length 
in unit partial pressure condition (the so-called differential ionization). sx+x encompasses 
the cracking values for the X molecules. From equation C.3 it is clear that dX+ /dt is 
linearly proportional to Px, and so to the number of X molecules entering the ionization 
chamber per unit of time. 

Assume that the number of ions that are extracted from the ionization chamber is lin
early proportional to the number of ions in the ionization chamber. All of the extracted 
ions with the appropriate mass (depending on the voltage on the quadrupole) will pass the 
quadrupole and reach the multiplier. It is assumed that each ion eventually leads to one 
count (TTL pulse). 
The conclusion from chapters C.1 and C.2 is that the measured signal is linearly propor
tional to the density in the reactor. 


