
 Eindhoven University of Technology

MASTER

Infrared spectroscopy and mass spectrometry on expanding Ar/CxHy plasmas

van Hest, M.F.A.M.

Award date:
1998

Link to publication

Disclaimer
This document contains a student thesis (bachelor's or master's), as authored by a student at Eindhoven University of Technology. Student
theses are made available in the TU/e repository upon obtaining the required degree. The grade received is not published on the document
as presented in the repository. The required complexity or quality of research of student theses may vary by program, and the required
minimum study period may vary in duration.

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain

https://research.tue.nl/en/studentTheses/58704caa-4683-46ca-8e2d-6002a89d69c8


Eindhoven University of Technology 
Department of Physics 
Equilibrium and Transport in Plasmas 

Infrared Spectroscopy and Mass 
Speetrometry on Expanding 

Ar/CxHy Plasmas 

Master Thesis 

Maikel van Hest 
July 1998 VDF/NT 98-19 

Under supervision of: 
drs. A. de Graaf 

dr. ir. M.C.M. van de Sanden 
prof. dr. ir. D.C. Schram, 



Summary 
In an expanding thermal argon plasma a CxHy (CH4, CzHz, CzH4, and C2H6) precursor gas has 
been injected. This precursor gas will dissociate into several radicals which react at a substrate 
to form an amorphous hydrogenated carbon (a-C:H) film. Fourier transferm infrared (FTIR) 
spectroscopy and mass speetrometry are used to obtain information on the gas phase of the 
plasma. One of the parameters investigated is the depletion, the relative amount of CxHy which 
is dissociated in the expanding argon plasma, as function of the amount of CxHy injected into 
the plasma and the power used to generate the plasma. For all four gases it has been found that 
the depletion is decreasing with increasing precursor gas flow and/or decreasing power input 
into the plasma. From the behaviour of the depletion of C2H2 as function of the C2H2 

precursor flow it can be concluded that one argon ion is able to dissociate only one C2H2 

molecule and thus. 

From FTIR spectroscopy and mass speetrometry measurement the production of new 
molecules in the Ar/CxHy plasmas can be seen. In an Ar/CH4, Ar/C2H4, and Ar/C2H6 plasma 
the most dominant new molecule created is the C2H2 molecule, whereas in an Ar/C2H2 plasma 
no infrared detectable amounts of new molecules has been observed. In an Ar/CH4 plasma the 
production of C2H2 is due to polymerization. From mass speetrometry it can be seen that 
besides the production of C2H2 also higher order polymers have been observed in an Ar/CH4 
and an Ar/C2H2 plasma. When C2H2 is used as a precursor gas CmHn molecules are created 
with preferably an even value for m, whereas in the case of CH4 as a precursor gas there is no 
preferenee for even or odd values of m. This indicates that in the case of C2H2 the 
polymerization is induced by a two carbon radical (e.g. C2H) and that the polymerization in 
the case of CH4 is induced by a single carbon radical (e.g. CH2). In an Ar/C2H2 plasma less 
than 8 % of the actmixed precursor flow is polymerized, whereas in an Ar/CH4 plasma 
polymerization of up to 40 % of the actmixed precursor flow has been observed. 

Study of the a-C:H film growth rate shows that in an Ar/C2H2 plasma the film growth rate is 
proportional to the observed precursor gas consumption in the plasma, whereas in an Ar/CH4 
plasma this is not the case. This is also an indication that in the case of CH4 as a precursor gas 
the polymerization can not be neglected. 

' 
A infrared spectrum simulation program has been developed for CH4 and C2H2. The C2H2 

infrared spectrum simulation has been used to fit the temperature of the CzHz particles in the 
plasma. From these fits it can be seen that the temperature of the plasma is independent of the 
injected precursor gas flow. 

A initial study has been done to see if a cascaded are could be used as a light souree for the 
Fourier transferm infrared spectroscopy setup. From this initial study it can be concluded that 
it is possible to use the cascaded are as a light source, but some changes have to be made to 
the are window and power supply before it can be used at the optimal conditions. 
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1. Introduetion 

1.1 Technology assessment 

In nature carbon can be found in various farms. The hardest material known on earth is 
diamond which consists of pure carbon, arranged in a tetrabedral crystal structure by single 
covalent bands. Another material that mainly consists of pure carbon, is graphite. Here the 
carbon is single and double bonded and is arranged in flat planes, which have a weak 
interplanar bonding. Graphite is with respect to diamond very soft. Due to this big difference 
between diamond and graphite, it can be used for various devices. Diamond is for example 
used in cutting devices, whereas graphite is used in lubricants and pencils. 

Due to the fact that diamond has interesting properties, but is a rare material and thus 
expensive, researchers have started major studies to find procedures to make artificial 
diamond in laboratories. One of the techniques suitable for the production of diamond seemed 
to be plasma deposition. With this technique a carbon containing precursor gas is dissociated 
and the dissociation products deposit on a surface. Most of the precursor gases used for 
deposition consist besides carbon also of hydrogen. During deposition this hydragen is also 
incorporated in the deposited film. This incorporation of hydragen in the film did result in the 
deposition of amorphous hydrogenated carbon (a-C:H). By changing the plasma conditions 
the properties of the a-C:H film can be adjusted from soft polymerlike to hard diamondlike. 
The application of these kind of films are various. 

1.2 Motivation 

To understand the deposition mechanism it is necessary to know what is happening to the 
precursor gas in the plasma. In this report e.g. answers will be given to question which were 
not answered by the Ph.D. thesis of Gielen[Gie961, e.g. what is the dissociation degree of C2H2 
in an Ar/C2H2 plasma. Answering some of the questions will be done by means of a study of 
the gas phase of Ar/CxHy deposition plasmas generated by a cascaded are, which is an 
expanding thermal plasma. In the expanding plasma a CxHy hydracarbon precursor gas is 
injected. This precursor gas will react with the argon ions present in the expanding plasma, 
generating various radicals which will deposit on a substrate or react with other particles 
present in the plasma. 

The plasma gas phase is investigated by means of two different techniques. The first technique 
is Fourier transfarm infrared spectroscopy. With this technique the absorption of infrared light 
by the particles in the plasma is investigated. The second technique used is mass spectrometry. 
With this technique the particles in the plasma can be identified. Both techniques have their 
own advantages and disadvantages, as will be explained in this report. The results of the two 
techniques will be compared. 

In this report Ar/CH4, Ar/C2H2, Ar/C2H4, and Ar/C2H6 plasmas are investigated. This is done 
for different precursor gas flows and are currents. The most important parameter investigated 
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is the depletion (relative precursor gas consumption), but also parameters such as film growth 
rate and polymerization have been investigated. In relation to infrared absorption a spectrum 
simulation program has been developed for C2H2 and CH4. 

1.3 Outline of the report 

In chapter 2 a general description of the deposition setup and the Fourier transfarm infrared 
spectroscopy setup will be given. In chapter 2 also the use of a cascaded are as a light souree 
for the Fourier transfarm infrared spectrascope will be discussed. In chapter 3 a overview will 
be given on the theory of the different diagnostics used. First the theory conceming Fourier 
transfarm infrared absorption spectroscopy will be given, after which the theory of mass 
speetrometry will be given. Finally a short description will be given on the theory of 
ellipsometry. In chapter 4 a description is given of how the infrared spectrum has been 
simulated. In this chapter the simulation is also verified by infrared spectra of C2H2 of 
different temperatures. In chapter 5 the results of the experiments will be given. In this chapter 
each of the four used precursor gases will be discussed separately, after which a comparison of 
the four precursor gases is given. In chapter 6 an overview will be given on the different 
reaction mechanisms that may occur in the four different plasmas. This discussion is meant as 
a first step for a more exhaustive study. Finally in chapter 7 some conclusions and 
recommendations will be given. 
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2. Experimental Setup 

2.1 Deposition setup 

Many different techniques may be used to deposit hydrogenated amorphous carbon films 
(a-C:H), e.g. RF discharge, ion beam, microwave discharge and electron cyclotron resonance 
(ECR) discharge, each of these tools having its own advantages and disadvantages[Cat9 I,Lie91 1. 

At the group Equilibrium and Transports in Plasmas (ETP) of the Eindhoven University of 
Technology (TUE) an expanding thermal plasma is used to produce a-C:H films. To create an 
expanding thermal plasma a cascadedareis used[Gie96·KroSSJ (see Figure 2.1). 

injection channel 

I 
catbode (3x) 

plasma channel 

\ 
nozzle (anode) 

Figure 2.1: Schematic ofthe cascaded are. 

In this cascaded are a subatmospheric argon plasma is created, which expands into a vacuum 
chamber at low pressure (approximately 0.3 mbar). In the expansion zone a hydracarbon 
precursor gas is added through the nozzle[str9?J or through a symmetrically piereed ring a few 
centimeter below the are exit (see Figure 2.2). The mixture of reactive particles formed in the 
expansion flows at subsonic veloeities towards the substrate where deposition takes place. In 
Figure 2.2 an overview of the deposition setup is given. 
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Bruker 
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• Computer • . . 

Figure 2.2: Schematic of the deposition setup with mass spectrometer ( QMS) and F ourier 
transfarm infrared absorption setup included. 

The plasma is created in the DC cascaded are which is situated at the top of the vacuum 
vessel. The are consists of 3 cathodes, a stack of 4 water-cooled circular copper plates, 
insulated from each other by boron nitride rings and an anode plate. In the center the copper 
plates have a bore of 4 mm in diameter, which forms the are channel. The argon gas is 
injected at a pressure of approximately 0.5 bar at the cathode side where it is ionized. In 
standard conditions the plasma flows out of the are through the channel at a flow of 
50-100 scc/s (1 scc/s corresponds to a flow of 1 cm3 Is at standard conditions ). The ionization 
degree depends on the are power and argon flow and varies from approximately 5 % to 
approximately 25 %. The plasma inside the are is thermal at an electron temperature of about 
1 e V and an electron density in the order of 1022 m-3

. 

The pressure inside the vessel is in the order of 1 to 100 Pa (0.01 to 1 mbar). The pressure 
gradient between the are and the vessel causes a supersonic expansion of the plasma into the 
vessel. After a stationary shock front the plasma expands subsonically towards the 
temperature controlled substrate holder, which is situated at 65 cm from the nozzle. The 
temperature of the substrate holder can be set in the range from -50 to 300 °C, and is cooled 
by liquid nitrogen (LN2) and heated by heating elements. The injection ring is situated at 5 cm 
from the nozzle, which is usually after the shock front. Other typical deposition parameters are 
given in Table 2.1. 

The pressure in the expansion chamber is controlled via a vacuum pumping unit, which 
consists of two main pumping lines. One line is formed by two mechanica! booster pumps 
(Edwards EH2600: 2600 m3 /hr; Edwards EH500A: 500 m3 /hr) and one rotary piston pump 
(Edwards: 240 m3/hr) and is used to control the pressure during deposition within the range 
1 - 100 Pa, via a adjustable valve. The other line consists of a turbo molecular (Leybold 
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Turbovac 1500: 90 m3/hr) and a rotary pump (Edwards: 40 m3/hr) and is used to keep a base 
pressure of 10"6 mbar. 

The experiments are controlled via a system which consists of a Programmabie Logica! 
Control (PLC) unit, which is operated by a personal computer. In the PLC unit all actions of 
the system (vacuum unit, gashandling, cascaded are, and substrate conditions) are controlled 
and the conditions of the system are monitored permanently. The interaction of the user with 
the setup is performed via a personal computer on which a commercial software package 
In touch® is running to perform actions and to obtain data from the system. 

Parameter ,, : '<:f~Y /''""'' Pioce~ing;:Vaiuê(I: ·. 
Ar Flow 30-100 scc/s 
CH4Flow 0-50 scc/s 
C2H2 Flow 0-20 scc/s 
C2H4 Flow 0-45 scc/s 
C2H6 Flow 0-35 scc/s 
Are Current Iarc 30-70 A 
Are Voltage V are 50-80 V 
Are Power Pare 1.5-6 kW 
Are Pressure Pare 0.2-0.6 bar 
V essel Pressure Pvessel 0.1-1.0 mbar 
Distance Arc-Substrate 30-60cm 

Table 2.1: Typical deposition setup parameters. 

2.2 Infrared Gas Phase Setup 

To get more information on the reactions occurring in the plasma, a Fourier transferm infrared 
(FTIR) spectrascope is used. A Bruker Vector 22 FTIR speetroscape has been used for this 
purpose (see Figure 2.3). This FTIR spectrascope has a maximum resolution of 1 cm·1 and is 
capable of performing 1 scan per second at this resolution. This can go up to 8 scans per 
second when the resolution is decreased to 16 cm-1

• The FTIR spectrascope uses a globar as 
an infrared light souree (T = 800 K). 

With the FTIR spectrascope measurements can be performed either intemally or extemally. In 
the intemal sample chamber (see Figure 2.3) infrared spectra can be obtained from e.g. films 
deposited on a substrates. Forthese measurements an intemal detector is used (DTGS) which 
has a detection range from 370 to 7500 cm·1 (1.33 to 27 J.Lm). When extemal measurements 
are done the Fourier transformed infrared light leaves the FTIR setup through an exit port (see 
Figure 2.3) and is detected by an extemal infrared detector. In the setup used, this is a Graseby 
MCT D315 detector1

, which is cooled by liquid nitrogen (LN2). This detector has a detection 
surface with a size of only 1 mm2 (1 mm by 1 mm) and which is made of a Mercury Cadmium 
Teilure Crystal. The detection range is from 500 to 7500 cm·1 (1.33 to 20 J.Lm). 

1 This detector used for the measurements performed is not the best detector available and has been replaced by 
an MCT D318 which is at least ten times more sensitive than the MCT 0315. This detector has however notbeen 
used for measurements in this report. 
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Power Supply 

Detector Sample Chamber 

t 
Sample Position 

Control Electranies 

Light 
Souree 

Interteremeter 

Exit Port 

Figure 2.3: Top view ofthe Bruker Vector 22 Fourier transfarm infrared spectroscope. 

To use the FfiR spectrascope for gas phase absorption measurements, the extemal infrared 
light beam has to be directed through the plasma (see Figure 2.4). To transruit the infrared 
light through the vessel, two special windows are needed. These windows should transruit 
infrared light in the range from 500 to 7500 cm-1 (1.33 to 20 J.lm), because this is the range in 
which the detector is sensitive. One of the gases used (C2H2) in the experiments has an 
absorption band at 729 cm-1

, so 500 cm-1 should be the lower limit. 

Material Transmission Refrä~tive '"' Remark '''" ' :: %fc 

. ' ' ( -1) index at 5 J.Lrri' 
-:·; 

. /+n,~t::t;~~l. . ·~: ' l~ ,. ' :. '> range cm .·~ , ' .. 

LiF 1400-85000 1.33 Slightly soluble in water 
CaFz 830-75000 1.40 
BaFz 670-65000 1.45 Soluble in acids 
IRTRAN 2 770-50000 2.22 
NaCl 600-40000 1.52 Soluble in water and glycerine 
ZnSe 500-20000 2.4 High resistance to chemica! attack 
Ag Cl 400-10000 2.00 Soluble in acids 
Ge 430-3300 4.01 Low transmittance 
KCl 500-33000 1.47 Soluble in water 
KBr 400-45000 1.54 Soluble in water and alcohol, hygroscopic 
AgBr 330-22000 2.3 Soluble in acids 
KRS-5 260-10000 2.38 Slightly soluble in water and soluble in 

bases 
CaBr 250-42000 1.66 Soluble in water and acids 
Cs I 140-42000 1.74 Soluble in water and alcohol 
Si 33-8300 3.4 Low and non continuous transmission 

Table 2.2: Infrared transparent materials. 
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In Table 2.2 an overview is given for different infrared materials with their range of 
transmission. For the experiments done in this report Potassium Bromide (KBr) windows with 
a diameter of 25 mm have been used. These windows were mounted in a special flange, which 
resulted in an effective window diameter of 18 mm. 

A Sodium Chloride (NaCl) lens with a focallength of 35 cm and a spherical mirror with focal 
length of 5 cm are used in the setup. The lens is used to get as much light from the FTIR 
spectroscope through the vessel as possible. This is because the diameter of the infrared light 
beam leaving the FTIR spectroscope through the exit port has a diameter of 50 mm and is 
divergent with an opening angle of approximately 3°. Thus due to the small window diameter 
most of the infrared light is reflected on the outside of the vessel. The spherical mirror is used 
to focus the infrared light that passes through the vessel onto the extemal detector surface. 

KBrwindow 
2cm 

Plasma Reactor 
Bruker 5 cm 
Vector 1--------------1 ~==t:=~--------:::::3=i=--J~..~-_J' variabie 

22 / 
NaCI Lens 
f= 35cm 

75cm 44cm 
7cm 7cm 

Figure 2.4: Schematic ofthe Fourier transfarm infrared absorption setup (top view) 

Spherical 
concave 
mirror 

The FTIR spectroscope is controlled by a personal computer. Some dedicated software is used 
to control the spectroscope (Opus 2.2 for OS/tm). With this software the measurements as 
well as some data analysis can be performed. Some data analysis features are e.g. transmission 
to absorption conversion, peak integration, peak height determination, mathematica! actions 
(multiply, divide, subtract, add). With the software it is also possible to do time resolved 
measurements. This feature has however not been used for experiments presented in this 
report. More information on the software can be found in the manual[Bru95l. 

2.3 The Caseaded Are as a Seeondary Light Souree 

Using the setup described in chapter 2.2 has some disadvantages. First of all the intensity of 
the light passing through the vessel is approximately 10 % of the intensity that leaves the 
FTIR spectrometer. The second disadvantage is that the infrared beam leaving the FTIR has a 
rather large divergence (3°). To improve the quality and the intensity of the infrared beam an 
initia! study has been done to check whether it would be possible to use a cascaded are as a 
light souree for the infrared spectroscopy setup. 

To increase the intensity and the problem of the divergence, the globar in the FTIR 
spectrometer has been replaced by a stabilised cascaded are light souree operated at 30 A are 
power. Apart from of the advantages of divergence and intensity there is a third advantage in 
comparison with the globar. The light beam diameter of the globar is approximately 5 cm, 
whereas the beam diameter of the cascaded are light souree is less than 2 cm. This can easily 
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be seen by use of an infrared camera and a piece of paper. 

Because the cascaded are light souree is too big to fit into the position of the globar, it is 
necessary to use a series of mirrors to get the light of the cascaded are light souree inside the 
FfiR spectrometer (see Figure 2.5). These mirrors make it possible to project the light of the 
cascaded are light souree at the position of the globar. 

Parabolic mirrors 

I nterferometer 

electranies 

FTIR setup cascaded are 

Figure 2.5: Overview ofthe setup usedfor the easeaded are light souree (nat to seale). 

In Figure 2.6 the measured spectrum of the setup with the globar and of the setup with the 
cascaded are as a light souree is shown. The cascaded are has been operated with two different 
gases, argon and xenon, at 30 A are power. From the figure it can be seen that the gain in 
intensity is a factor 2 to 3 at the used are pressure and are power compared to the globar. From 
this figure it can also be seen that xenon gives better results than argon, which is due to the 
higher electron density and higher electron temperature in the xenon case. The early drop of 
intensity in the spectra of the xenon and the argon are at 2500 cm-1 is due to the window used 
on the cascaded are. This window was made of LiF or quartz glass for the xenon and argon are 
respectively. Due to the limited thickness of the LiF window it was not possible to operate the 
are at pressures higher than 2.5 bar. To operate the are at higher pressures it is necessary to 
replace the window by a thicker window, but unfortunately such a window was not available. 

In Figure 2.6 it can be seen that the intensity of the light emitted by the cascaded are is 
increasing with increasing eperating pressure. This is due to the higher electron density and 
higher electron temperature at higher are pressures. The stability of the are is camparabie to 
the stability of the globar. 
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Figure 2.6: Overview ofthe intensity of 3 different light sources: globar, argon are (2100 
mbar) and xenon are (2100 mbar). 

Measur~d àrgon p~àk: ·Argon ~p~jtalline • ,, Meas~r~~ ~~~on 
1
;:::, Xenon speè:frá.lline • • 

• positioll (cm"1
) · · positioh~~951 (cm"1) .•• peak·posîtión1 (cm· I po~itionr~an,.!s? (~tri~11l 

7479.8 7481.1 7314.9 7322.2 
7403.6 7405.2 7063.2 7070.9 
7339.0 7340.9 7019.8 7022.0 
7309.1 7310.7 6953.3 6961.4 
7287.9 7289.3 6780.6 6787.6 
7229.1 7232.9 6478.8 6485.7 
7188.6 7190.4 6223.2 6229.3 
7093.1 7095.4 5972.5 5977.9 
6644.6 6646.1 5772.8 5771.7 
6250.2 6254.2 4936.7 4935.3 
6052.5 6053.2 4313.7 4311.6 
5969.6 5973.8 4030.2 4028.2 
5903.0 5903.0 3222.0 3218.6 
4849.9 4850.5 3054.2 3054.4 
4642.6 4643.6 2972.2 2970.3 
4529.7 4529.5 2853.6 2851.4 

Table 2.3: Overview of the positions of some speetral lines of argon and xenon and the 
positions of somepeaks observed in the spectra of the argon and xenon are. 
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In the argon and xenon are spectra peaks can be seen. These peaks can be identified as speetral 
lines of argon and xenon for the argon and xenon are respectively. In Table 2.3 some of the 
observed peaks in the spectra are compared to data from literature[Han951 • From this table it can 
be seen that the lines observed in the spectra are in agreement with the data in literature, 
although the difference in measured line position and real line position for argon is smaller 
than the difference for xenon. This is probably due to misalignment of the setup, i.e. the beam 
entering the interferometer does not have an angle of incidence on the beamsplitter of 45°. 

400 

350 

::::J 
ai 
~ 300 
(ii 
c: 
Q) 

'E 250 

200 

1500 2000 2500 3000 3500 4000 

Are pressure (mbar) 

Figure 2.7: Overview ofthe argon are intensity at 2500 em·1 as ajunetion of are pressure. 

In Figure 2.8 an example is given of the noise level of the setup. This figure has been made by 
dividing two measured background spectra for the same situation. From this figure it can be 
concluded that the noise level decreases very much for wavenumbers in the range of 
3000 cm·1 to 7500 cm·1

• This is due tothefact that in this regime the relative intensity of the 
cascaded are increases the most compared to the intensity of the globar. From comparison of 
Figure 2.6 and Figure 2.8 it can be seen that a higher light intensity leads to a lower noise 
lever, which indicates that the noise level is determined by photon statistics. The noise level 
could be decreased more by increase of the infrared light intensity. 
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Figure 2.8: Noise level of the different light sourees used. 
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Although the cascaded are light souree has many advantages, it has been chosen to work with 
the globar as a light souree for further experiments. This has been done because it is much 
easier to work with than with the cascaded light souree and because the intensity increase was 
not as big as expected. In the best case it would be possible to get an increase of the intensity 
by a factor of 10 (Xenon, 6 bar, 60 A), but the power supply of the are is not capable of 
generating this kind of current and the infrared transparent windows are not capable of 
sustaining such high pressures. 
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3. Diagnostics 

3.1 Infrared Spectroscopy 

3.1.1 Molecular Absorption 

Due to the vibrational and rotational states of molecules, molecules are able to absorb 
photons. For every molecule, only photons with at least an energy equal to the transition 
energy of an allowed rotational or vibrational transition can be absorbed. Most of the 
molecular rotational and vibrational transitions occur in the infrared part of the spectrum. In 
general, the greater the number of atoms in a molecule, the more modes of vibration the 
molecule has and the more complex the absorption spectrum will be[Bar6ZJ. 

From quanturn mechanics it is known that the rotational and vibrational energy is quantisized. 
The vibrational energy ( E;ib ), in case of a harmonie oscillator is given by: 

.b 1 
Ev' = hcm(n +-) 

n 2 (3.1) 

where n is the vibrational quanturn number, h the Planck constant, c the speed of light and m 
the vibrational frequency in cm-1

• The unit cm-1 is used, because in infrared spectroscopy this 
is the most commonly used unit. 

The rotational energy (Et) is given by: 

(3.2) 

where J is the rotational quanturn number, B the rotational constant and D a constant which 
account for the non rigidity of the molecule. The rotational constant in case of a linear 
molecule, is given by 

(3.3) 

with Ib equal to the moment of inertia of the molecule perpendicular to the main axis of the 
molecule and h the Planck constant. The term DJ2(J+ll in equation (3.2) represents the 
influence of the centrifugal force which results in a very slight increase in the internuclear 
distances when the molecule is rotating[HerSOJ. This term is always exceedingly small compared 
to the term BJ( 1+ 1 ). For diatomic molecules the constantDis given by 

(3.4) 
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where mis again the vibrational frequency in cm-1
• 

The total energy (E101
) is given by 

(3.5) 

As always in quanturn mechanics, not all transitions are allowed. Only those trans1t10ns 
obeying the selection rules may occur. In general the selection rule for 1 and n for molecules 
with a permanent dipole moment are given by 

LV=0,±1 with forsome molecules 1=0 ~ 1=0 not allowed[HerSOJ 
~n=±1,2, ... 

The transitions for which LV=+ 1 or LV=-1 result in a band of absorption lines (see Figure 3.1 
and Figure 3.2). The transition energy of these lines is given by 

M =he( wt1n + 2B(J + 1)- 4D(J + 1)3
) 

M = he( wt1n) 

M =he( wt1n- 2BJ + 4DJ 3
) 

LV=+1 

M=O 

LV=-1 

R-band 

Q-band 

P-band 

(3.6) 

Where 1 indicates the quanturn number of the initia! state. lt can be seen that the energy levels 
are equidistant and that all transitions with Lil=O have the same energy. 
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Figure 3.1: lnfrared absorption spectrum of CH4• 
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Figure 3.2: Energy level diagramfor simple rotational-vibrational spectra. 

This last statement is actually not true. The value of B for the upper state is slightly different 
from the value of B for the lower state, which results in a slight difference in energy for the 
transitions with LV=O for the different J states. So the Q-band is a real band and not a line. The 
energy shiftforthese transitionsis equal to(B '-B )J(J + 1), where B" is the value of B for 
the upper state and B' the value of B for the lower state. In some cases the Q-band does not 
exist. This is due to symmetry in the molecule and/or vibration e.g. the longitudinal vibration 
in the C=C bond of C2Hz. 

In Table 3.1 the mean energy (in cm-1
) of some vibrational groups is given. Every molecule 

containing such a group will have a vibrational transition with an energy close to the energy 
given. From the table it can be seen that there is a great diversity in the mean energy of the 
different vibrational transitions. Since there are several different types of vibration in Table 
3.1 the corresponding vibration type is also given. Some type of vibrations are illustrated in 
Figure 3.3. 
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Table 3.1: Mean energy of some vibration groupiHerSOJ. 
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Figure 3.3: Overview of some vibrational types (A and B indicate different atoms). 

So far only the energy levels of the transitions have been discussed. The actual absorption at a 
certain transition energy will now be discussed. In general transmission obeys the Lambert
Beer law, which in differential form is given by 
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dl= -k I 
dx V 

(3.7) 

Here I is the intensity of the radiation source, dx is a displacement in the direction of the 
radiation beam (see Figure 3.4) and kv is the frequency dependent absorption coefficient of the 
medium the radiation beam is passing through. When the medium is assumed to be 
homogeneous, the solution of the differential equation is given by 

(3.8) 

where Ivo is the intensity of the light at frequency v before it enters the absorbing medium and 
lv(x) the intensity of the light at frequency v when it has traveled through the medium over a 
distance x. 

lo 

> 

0 a 

l(x) 

Absorbing 
medium 
< > 

l(a) 

> 

Figure 3.4: Transmission through an absorbing medium. 

The frequency dependent absorption coefficient kv is given by 

(3.9) 

here Vqp is the transition frequency for the transition from J=q to J=p, Nq is the density of the 
particles in the J=q state, Bqp the Einstein coefficient for absorption for the transition from 
l=q to l=p, and P(v -Vqp) is the absorption line profile. The absorption is defined as: 

I (x) 
A= -Iog(Tr) = -log(-v-) oe kvx 

Ivo 
(3.10) 
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3.1.2 Fourier Transform InfaRed (FTIR) Spectroscopy 

Fourier transform spectroscopy is an optical technique to determine the spectrum of radiation. 
When a monochromator is used to measure a spectrum, the spectrum is divided in small 
wavelength intervals for which the intensity is determined. In case of a Fourier Transform 
spectrometer the complete spectrum is used. The spectrum is modulated in an interferometer 
and after this modulation the total intensity is measured. The intensity of the modulated 
spectrum as function of the path difference in the interferometer is equal to the Fourier 
transformed spectrum, as will be shown below. 

A typical interferometer consists of a beamsplitter and two mirrors, of which one is capable to 
move along an axis that is perpendicular to its plane (see Figure 3.5). The incoming light 
beam will be divided in two beams by the beamsplitter, because one half of the initial beam 
will reflect on the beamsplitter, while the other half will be transmitted. Both beams will 
reflect on the mirrors and return to the beamsplitter. When the two beams return to the 
beamsplitter, the beams will interfere and are again partially transmitted and partially 
reflected. Because of the effect of interterenee the intensity of the beam passing to the detector 
and returning to the souree depends on the difference in path length of the beams in the two 
arms of the interferometer. The variation in the intensity of the beams passing to the detector 
and returning to the souree as a function of the path length difference contains all the speetral 
information. 
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Direction of 
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Figure 3.5: Schematic representation ofthe Michelson inteiferometer. 

The beam that returns to the souree is rarely of interest for spectrometry, and usually only the 
output beam traveling in the direction perpendicular to the incoming beam is measured. 
Nevertheless, it should be noticed that the beam that returns to the souree contains the same 
information as the beam that is moving in the direction perpendicular to the incoming beam. 
The main reason for measuring only the beam perpendicular to the incoming beam is the 
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difficulty of separating the beam returning to the souree from the beam coming from the 
source. 

The output beam is the interterenee of two beams with a path length difference ö equal to 

2n:t 
8=-=2nax 

À 
(3.11) 

where x is the path length difference, À the wavelength and a=X1 the wavenumber of the 
radiation. When two beams with an electrical fieldstrengthof E=0.5E0 interfere the resulting 
electrical field strength is given by 

8 
E, = E0 cos(-) 

2 

The intensity I is proportional to E2 

(3.12) 

(3.13) 

So the intensity as function of the path length difference consists of a constant and a variabie 
part: 

1 
!(x, a)=-10 (a)· [1 + cos(2nax)] 

2 
(3.14) 

Only the variabie part of the intensity is containing speetral information, so the constant part 
(and the constant factors) are omitted. Fora broadbanded souree with an intensity as function 
of the wavenumber given by B( a), equation (3.14) generalizes to 

~ 

l(x) =I B(a)cos(2nax)da (3.15) 
0 

This means that the measured intensity as function of the path length difference (which is 
proportional to the mirror position) is the Fourier eosine transfarm of the original spectrum. 
By performing a eosine transformation of the interferogram (I(x)) the original spectrum can 
thus be reconstructed. 

1 ~ 
B(a) =-I l(x)cos(2nax)dx 

7r~ 
(3.16) 
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In a real spectrometer this last equation is not valid, because the mirror can only be moved 
over a limited distance. Consider a monochromatic light beam at wavenumber cr0 which is 
transformed by the interferometer. The measured interferogram according to equation (3.15) is 
given by 

l(x)=cos(2na 0 x), xE[-L,L] (3.17) 

here L is twice the maximum displacement of the moveable mirror relative to the position 
where both arms of the interferometer have the same length. The interferogram may be 
thought of as the real interferogram (3 .15) multiplied by a boxcar function which has value of 
1 for -L <.5. x <.5. L and 0 for x< -L and x> L. Transformation of the interferogram (3.16) will 
result in 

B( a)=- + ___ :...._ __ L [sin(2n(a 0 - a)L) sin(2n(a 0 + a)L)] 

n 2n(a 0 - a)L 2n(a 0 + a)L 
(3.18) 

So in this case, insteadof one peak at a 0 a sine function will be measured (see Figure 3.6). 

This sine function creates extra peaks (side lobes) symmetrically to the original peak. The first 
side lobe has an intensity which is 22% of the center peak intensity. The higher the value of L, 
the smaller the sine function will be. The width of the peaks is a measure of the resolution 
which is given by liL. The second part of equation (3.18) is a sine function at -cr0 and is an 
artifact of the transformation. Usually the spectrum for positive wavenumbers is created, so 
the second term of equation (3.18) can be neglected when Land a are large enough so that the 
contribution of this term can be neglected for positive wavenumbers ( cr>O). 

B(a)f 

Figure 3.6: Sine function at a 0 • 
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Name 
Triangular x 
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L 

Reroark··· 

x-;:;,L 
...................................................................................................................................................................................................................................... 
Trapezoidal 1 x< X 1 0-_::;,_ xr-_::;,_ L 
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1- 1 x

1 
-;:;,x-;:;,L 

L-x
1 
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3-Term L1 A (1fX) A0=0.42323 
Blackmann-Harris ''0 + 1 cos L AJ=0.49755 

(
21fX) Az=0.07922 
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Az=0.14128 
+ ~ cos( 

2~) A3=0.0 1168 

Table 3.2: Apodizationfunctions. For x>L allfunctions are equal to 0. 

The appearance of the side lobes as described above is called 'leakage'. The solution of the 
problem of leakage is to truncate the interferogram less abruptly than in the case of a boxcar 
cutoff. This is equivalent to finding a function with a Fourier transform which has fewer or 
smaller side lobes than the sine function. This kind of functions are called apodization 
functions and some examples are shown in Table 3.2. 

To obtain the spectrum the interferogram is multiplied by the apodization function before it is 
Fourier transformed. Besides the advantage of reducing the side lobes, apodization also has a 
disadvantage that the center peak becomes broader and thus the speetral resolution will 
decrease[Gros41 . 1t will become less easy to dissolve individuallines. 

In reality the measured interferogram is not a continuous function, but the real interferogram 
is sampled with an interval Llx. This means that the intensity /(x) is only measured at values of 
x for which 

x=n·Llx (3.19) 

In most Fourier transform spectrometers, the sampling interval is a consequence of the 
determination of the moving mirrors position by means of the interference of a 
monochromatic light souree (e.g. laser), which is also guided through the interferometer. The 
intensity of this light souree is in most cases detected by a separate detector. The samples are 
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taken at the point where the intensity of the interferogram of the monochromatic light souree 
has a minimum. The minimum occurs when the phase difference of the interlering beams is 
equal to 180°. So when the path length difference between the two mirrors is equal to half the 
wavelength of the monochromatic light source, i.e. Lll=ÎJ2. 

Due to the sampling equation (3.16) has to be rewritten as 

~ 

B(a) = LJ(n · l'u)cos(2nan ·!'u) (3.20) 
n=-oo 

From this equation it can beseen that the spectrum obtained in this way at a=l1(2l'u)+a is the 
same as the spectrum at a=ll(2i1x)-a, because 

~ ~ 

LJ(n · L'u)cos(nn + 2nan ·!'u)= L,I(n · L'u)cos(nn- 2nan · tu) (3.21) 
n=-oo n=-oo 

This phenomenon is called aliasing (or folding) and is graphically shown in Figure 3.7. To 
prevent this from happening a should be restricted toa maximum value (am), which is given 
by 

1 
(] :::; -

m 2l'u 

B 

(3.22) 

B 

Figure 3.7: Spectrum after Fourier transformation when !'u is too big and overlap will occur 
(left) and when !'u is small enough and no overlap will occur. 

This aliasing phenomenon is also a reason why the Fourier transfarm technique is most often 
used in the infrared region. In most of the Fourier transfarm spectrometers however a 
relatively cheap and simple He-Ne laser is used as a monochromatic light souree todetermine 
the sampling positions, i.e. !'u= 112 · 632.8 nm = 316.4 nm and thus am = 15800 cm-1

. For 
measuring in the visible range (350-750 nm) CJm has to be larger than 28500 cm-1

• This 
requires a monochromatic light souree with a wavelength smaller than 385 nm. Light sourees 
that produce monochromatic light at these wavelengtbs are much more expensive than e.g. a 
He-Ne laser. 
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3.1.3 Non-Linearity 

When an absorption spectrum is obtained from a gas, the real absorption is linear with the 
density of the particles (see equation (3.10)). However when the absorption is measured by 
Fourier transform spectroscopy as function of the density this is not the case. The absorption 
appears to be not linear with the density of the particles. This non-linearity is illustrated in 
Figure 3.8 where the absorption band head intensity as function of the injected gas flow is 
plotted for several gases. In Figure 3.8 it can beseen that the non-linearity is almost the same 
for CH4, C2H4, and C2H6, however the absorption for C2H2 seems to have a slightly different 
non-linear behaviour. 
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Figure 3.8: The band head absorption intensity as function of the injected precursor flow for 
CH4 ( 3016 cm-1 

), C2H2 (729 cm-1 
), C2H4 (948 cm-1 

), and C2H6 (2954 cm-1 
). 

The non-linear behaviour can be explained by the way the data is obtained. Due to the 
limitations of the Fourier transform spectroscope, the measured line width, which is of the 
order of the resolution2, will be much broader than the real line width (Doppler line 
width z 0.01 cm-1

). When the right apodization function is selected, it is allowed to think of 
the Fourier transform spectrascope as a monochromator with a Gaussian apparatus profile, 
with a line width proportional to the resolution in cm-1

. The 3- and 4-term Blackmann-Harris 
apodization functions are two apodization functions that for which this criterion is satisfied. 

2 For the Fourier transfarm spectrascope used in this report, the maximum resolution is 1 cm-1
. A higher 

resolution means a smaller value for the resolution in cm-1
• 
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For all measurements in this report the 3-term Blackmann-Harris apodization function is used 
and thus a Gaussian line profile can be assumed. 

So, to calculate the measured absorption as function of the wavenumber a convolution has to 
be made of the real absorption as function of the wavenumber and the Gaussian apparatus 
profile. Due to the fact that the distance between two absorption lines is in general smaller 
than the apparatus profile width, multiple small lines will be represented as one broader line. 
When the convolution is calculated for all absorption lines with Gaussian line width ~ v1 and a 

Gaussian apparatus profile with width ~va the measured absorption at v' is given by (see 
Appendix A) 

Ameas(v') (3.23) 

where v qp is the absorption frequency for a single line, the sum over J indicates that a sum 

has to made of all absorption lines, and 

2 -c 
a= AqpNqL 

8 -2 
JrV qp 

(3.24) 

in which Aqp is the transition probability for a transition from state p to state q, L is the 
absorption path length, and Nq is the density of the particles in state q. 

From this equation it is clear that the measured absorption intensity for a single absorption 
line does not show a linear behaviour (right hand side of the equation). The non linearity is 
dependent on the partiele state distribution, the position of the absorption lines, and the 
transition probability for each individualline. The more absorption lines there will be within a 
wavenumber interval having a width equal to the apparatus profile width, the stronger the non 
linearity will be[Gri861

• So a higher resolution will lead to a weaker non linear behaviour of the 
measured absorption. 

By means of equation (3.23) and the knowledge on the absorption line positions, intensities, 
and distribution, absorption spectra will be simulated in chapter 4. With this equation the non 
linearity as shown in Figure 3.8 can also be calculated. This will also be shown in this chapter 
4 for C2H2 and CH4. 

3.2 Mass speetrometry 

3.2.1 Residual Gas Analyzer 

One type of mass spectrometer is a residual gas analyzer. Such a mass spectrometer is used for 
the measurements done to obtain some of the results described in this report (RGA 
Accuquad™ 200D). A residual gas analyzer consists of three main parts, i.e. an ionizer, a 

26 



quadrupale mass filter and a detector (see Figure 3.9). These parts will be explained in the 
following paragraphs. 

RGA-chamber 

ToRGA 
Pumping Unit 

RGA 

Detector 
Electronics 

Figure 3.9: RGA Accuquad™ 200 D and the conneetion to the vessel. 

3.2.1.1 Ionizer 

In the ionizer of a residual gas analyzer positive ions are made from the particles that enter the 
ionizer. This is done by electron bombardment The particles that are ionized by the ionizer 
are redirected towards the entrance of the quadrupale mass filter, where they areseparatedon 
base of their mass to charge ratio. The ionizer consists of four parts, i.e. a repeller, an anode 
grid, a filament and a focus plate (see Figure 3.10). 

Quadrupale 

Mass Filter 

Figure 3.10: The ionizer of the residual gas analyzer. 

&Molecules 

The ionizer consists of a platinum wire mesh construction which is cylinder symmetrical and 
mounted co-axially to the mass filter assembly. Due to this open configuration neutral 
particles in the vacuum environment outside the wire mesh can move into the ionizing region 
unrestricted. Positively charged particles are unable to enter the ionizer, because the wire 
mesh is negatively charged, positively charged particles will not reach the anode grid. This 
explains the name repeller for the wire mesh. 
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The filament consists of two oxidation resistant wires and is used as an electron source. The 
wires are made of thoriumoxide (thoria) coated iridium and are mounted cylinder symmetrical 
around the anode grid. To get the filament working as an electron souree it has to be heated. 
This is done by applying an electric current (maximum of 3.75 mA, default 1.0 mA) through 
the filament wires. 

The anode grid is made of platinum and has, just as the wire mesh, a cylindrical shape. The 
anode grid is positively charged in comparison to the filament. The thermally emitted 
electroos from the filament are accelerated towards this anode grid. The energy the electroos 
will have when they reach the anode grid is dependent on the voltage between the filament 
and the anode grid. This voltage can be varied from 25 V up to 105 V and thus the electroos 
will get an energy in the range of 25 eV to 105 eV. The default value for the difference in 
voltage between the filament and the anode grid is 70 V. 

Most of the electroos do not strike the anode grid, because the surface of the wires in the grid 
is very small compared to the total surface of the grid. The electroos that pass the grid can 
collide with the neutral particles that are present on the other side of the grid. At such a 
collision it is possible that the neutral particles ionize by means of electron impact ionization. 
Electroos that do not collide with any particles are starting to oscillate around the anode grid 
until finally they do ionize a partiele or hit an anode grid wire. 

The focus plate is there to accelerate the ionized particles into the direction of the quadrupale 
mass filter. The focus plate is negatively charged. The potential can be varied in the range of 
0 V to 150 V and the default settings are 90 V. 

3.2.1.2 Quadrupole Mass Filter 

In the quadrupale mass filter the positive ions are separated according to their mass to charge 
ratio (m/Z). Ions that pass through the quadrupale successfully are focused onto the detector 
by means of an exit aperture which is grounded. 

The quadrupale mass filter is constructed of four circular electrically conducting rods 
accurately held in position by two high purity aluminumoxide insulators. Two spacers keep 
the steel rods parallel and in the quadrature shape (see Figure 3.11). The diameter of the rods 
is equal to 1.16·r, where ris the between the center of the system and the outside of the rods. 

+[U+ Vcos(rot)] 

·[U+ Vcos(rot)] 

Figure 3.11: A cross-section ofthe quadrupale massfilter. 
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The poten ti al ( l/Jo) is applied to the rods and is a superposition of an RF and a DC potential. 
This potential is given by 

</>0 =U+ V cos(mt) (3.25) 

where ro=27tfwithf-= 2.7648 MHz for the quadrupele in the RGA AccuQuad™ 200 D. Due to 
this potential a quadrupele field (equation (3.26)) is established between the four cylindrical 
electredes (see Figure 3.12). 

(3.26) 

x-axis 

y-aXIS 

Figure 3.12: The equipotentiallines in a quadrupale mass filter field. 

Now to demonstrate that the quadrupele field is able to separate the different mass to charge 
ratios, the equations of motion for the ions have to be solved. The equations of motion for an 
ion entering the quadrupele field are given by 

mi= ZeEx =-Ze a</>= -ze4[u +V cos(mt)]x ax r 

my = ZeEY =-Ze:= +Ze,\ [U+ V cos(mt)]y (3.27) 

mz=ZeE =-Ze a</> =0 
z az 

where Ze is the charge of the ion. 

With the definitions 
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4ZeU 
a:= 2 2 

mm r 

b·= 2ZeV 
· mm2r2 

1 Ç:= -(J)t 
2 

equation (3.27) for x and y is transformed into the Mathieu differential equations 

(
d

2xJ dÇ2 +[a+2bcos(2Ç)]x = 0 

( :;; J-[a+2bcos(21;)Jy = 0 

(3.28) 

(3.29) 

The solution of this equation describes an oscillation of the ion in the quadrupole field. For 
ions that enter the quadrupole field along the z-axis, the potential will induce a force which 
makes the ions oscillate in the x- and y-direction. 

The trajectories of the ions are however not always stable. The conditions for stabie 
trajectodes can be identified in the Mathieu diagram (see Figure 3.13). 
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Figure 3.13: The Mathieu diagramfor stability[Per971
• 

The applied DC and RF voltage amplitudes for a given m define an operating straight line of 
slope alb=2UIV. All ions having a charge to mass ratio ZJm such that the point (a,b) on the 
formerly defined line lies within the stabie zone will be transmitted by the quadrupole mass 
filter. Ions of lower or higher ZJm are ejected and lost to the rods or the walls of the 
instrument. 
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The mass to charge ratio scanning is achieved at a fixed U/V ratio by changing U and V 
simultaneously while ro is kept constant. The resolution improves when U/V is increased. In 
theory the resolution would be unlimited at the tip of the stability region. Here a=0.237 and 
b=0.706, i.e. U/V=0.1678. A high bandpass filter is created when no DC voltage is applied 
(a=O). The mass range of the quadrupale mass filter depends on the distance between the rods 
and the center of the mass filter (r), the length of the rods (L), the maximum RF voltage 
(Vmax), the frequency (/) of the RF voltage and the ion energy in the z-direction (êz). The 
maximum mass (mmax) is given byJPer9?J 

7Vmax (V) 

and the maximum attainable resolution (Rmax) by 

m n 2 

R ----
max !mz 12.2 

3.2.1.3 Detector 

where n = fL~ m 
2êz 

(3.30) 

(3.31) 

There are two detectors available for the RGA AccuQuad™ 200 D. The first one is a Faraday 
cup and the second one is an electron multiplier. · 

• Faraday cup 

A Faraday cup is a small steel bucket and is positioned on-axis at the end of the quadrupale 
mass filter. Positive ions enter the grounded detector and will strike the steel wall. On this 
impact the ions are neutralized by electron transfer from the metal wall to the ion. In this way 
an electrical current is created which is proportional to the number of ions that hit the detector 
wall. So by measuring this current it is possible to determine the ion current in to the detector. 
All electrons are detected with the same efficiency regardless of their mass. The Faraday cup 
is characterized by its simplicity, stability, large dynamic range and lack of mass 
discrimination. With an Faraday cup it is possible to measure ion currents down to 10-13 A by 
means of a high impedance electrometer and analog amplifiers. 

• Electron multiplier 

An electron multiplier consists of a straight, four-channel tube, made of a special resistive 
glass with a high secondary electron emission yield. The back side of the tube is grounded. To 
the front side of this tube a cone, made out of the same material, is attached which has the 
function of entrance for the detector. The cone is biased negatively in such as way that a 
potential gradient is created along the tube. 

The electrode is not mounted in the direction of the quadrupale mass filter (as for the Faraday 
cup), but perpendicular to this filter. Due to the fact that the cone is negatively biased in 
comparison to the end of the quadrupale mass filter (and the back side of the tube), positive 
ions are attracted very effectively. The positive ions will hit the cone at high velocity, 
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producing electroos by secondary electron emission. These created free electroos are 
accelerated towards the four channel tube, in which secondary electroos are created every time 
they hit the wall of this tube. The amplification factor of this production of secondary 
electroos is higher than 1, so that an avalanche of electroos is produced in one of the four 
channels of the tube for every ion that hits the cone. Depending on the bias voltage, the 
electron multiplier can produce up to 107 secondary electroos for every ion that hits the cone. 
At the end of the electron multiplier an anode plate will collect all the electrons. This will 
create a current which by can be measured by means of a high impedance electrometer and 
analog amplifiers. The minimum detectable ion current in this way is equal to w-Js A. 

A disadvantage of an electron multiplier is the fact that the gain is dependent on the ion mass. 
The gain decreases with increasing mass. This mass dependenee is caused by the difference in 
ion-electron conversion efficiency for ions of different masses. 

3.2.2 Deconvolution of Mass Speetrometry Spectra 

A mass speetrometry scan performed on a gas will result in a mass spectrum (see Figure 3.14). 
When the gas is homogeneaus (only 1 species present) the measured mass spectrum will show 
the so called cracking pattem of the specific gas. Due to the ionization in the mass 
spectrometer every partiele will result in more that one peak in the mass spectrum. A simple 
example is the mass spectrum of argon gas, which will show two peaks. One peak at mass 40 
and one peak at mass 20. The peak at mass 40 is due to single i ooization of argon (Ar+) and 
the peak at mass 20 is due to double ionization of argon (Ar2+) in the ionizer. Other peaks at 
mass 36 and 18 will also appear in an argon mass spectrum, because argon has an isotope with 
a mass equal to 36 amu. The ratio of the intensity of the peak at mass 40 and the peak at mass 
20 will be dependent on the energy of the electroos that ionize the argon atoms. 
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Figure 3.14: Mass spectrum of CH4, C2H2, C2H4, and C2H6 obtained by the RGA 
AccuQuad™ 200 D. 

The electron energy is also high enough to dissociate molecular species entering the mass 
spectrometer, i.e. a mass spectrum of a molecular gas will also show more than one peak. 
These peaks will however not only be due to the single or double ionization of the molecule 
and the presence of isotopes, but also sue to the dissociation products. This can be seen for 
instanee in the mass spectrum of CH4 shown in Figure 3.14. Here 5 peaks are observed in the 
mass range from 12 to 16. These peaks can be identified as C, CH, CH2, CH3, and CH4 (see 
Table 3.3), which are all dissociation products of CH4. 

As long as only a single gas is sampled by the mass spectrometer, there will be no problem to 
identify this gas by looking at the mass spectrum. However, for a mixture of different gases, 
the identification becomes more difficult. The mass spectra of the individual species will be 
superimposed and result in a mass spectrum which can not be identified easily by camparing 
the resulting mass spectrum with known mass spectra. To solve for this problem these kind of 
mass spectra have to be deconvoluted. This can be done when the cracking pattems of all the 
gases present in the plasma are known. 
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Mass(amu) Eqtiivalerifpfirti~e ··. 
12 c+ c 2+ 

' 2 

13 CH+ C H-2+ ' 2 2 
14 CHt, C2~2+ 
15 CH3 +, C2H62+ 
16 CH4+ 
24 c2+ 
25 C2H+ 
26 C2H2+ 
27 C2H3+ 
28 C2H4+ 
29 C2Hs+ 
30 C2H6+ 

Table 3.3: Overview of mass channel and the possible corresponding CxHy particles (isotopes 
not included). 

The cracking pattem is dependent on the settings of the mass spectrometer used and the 
metbod by which the gas is extracted from the main gas volume into the mass 
spectrometer[Bra981

• A rough indication of what the cracking pattem should look like can be 
obtained from literature[Ste69· Bey631 . To know the exact cracking pattems of the different gases 
used in this report (CH4, C2H2, C2H4, and C2H6), mass spectra were obtained for these gases. 
When however quantitative information needs to be obtained using mass spectrometry, it is 
also necessary to calibrate the mass spectrometer. To calibrate the mass spectrometer, mass 
spectra have been obtained at different gas flows injected in the gas volume (reactor). An 
example of the calibration curves for C2H2 is given in Figure 3.15. All calibration 
measurements have been performed with a background argon flow of 100 scc/s, which is the 
argon flow that has been used for most of the experiments done. 
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Figure 3.15: Calibration curves usedfor deconvolution ofmass spectroscopy data. (Detector 
current for different masses as function of the flow for C2H2). 
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To generalize the data obtained from the calibration measurements, all mass spectrometer 
intensities as function of the gas flow for masses in the range from 12 to 16 amu and in the 
range from 24 to 30 amu have been fitted by the following function 

(3.32) 

Where lx is the mass spectrometer intensity at mass x, (jJ gas is the gas flow and A, B, and C are 

the fit parameters. So each of the twelve fitted masses will result in 3 values for A, B, and C, 
leading to 36 constants for each gas and to 144 constants for the four gases. With these 
constants it is possible to calculate the gas flow of a specific gas injected into the gas volume. 
However, this does not guarantee that it is also possible to calculate the gas flows when a 
mixture of two or more gases is injected in the gas volume. To check this also some mass 
spectra have been obtained using mixtures of gases (two examples are given in Figure 3.16). 
The results of the deconvolution of these measurements are shown in Table 3.4. 
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Figure 3.16: Two mass speetrafram mixtures of2 gases. 

Flow CH4 (scc/s) FlowC2H2 (scc/s) ·•· Flow C2H4 (scc/s) Flow C2ÎI6 tscdt§)fli' 
Mixture Re al Calc. Re al Calc. Re al Calc. Re al "'> ''Caic5 :J.: 
1 1.77 1.73 3.79 3.82 0 0 0 0 
2 17.7 17.81 3.79 3.70 0 0 0 0 
3 1.77 1.83 11.37 11.29 0 0 0 0 
4 17.7 17.65 11.37 11.51 0 0 0 0 
5 0 0 3.79 3.65 1.52 1.55 0 0 
6 0 0 3.79 3.85 15.2 15.23 0 0 
7 0 0 11.37 11.11 1.52 1.57 0 0 
8 0 0 11.37 11.51 15.2 14.99 0 0 
9 0 0 3.79 3.81 0 0 1.28 1.25 
10 0 0 3.79 3.69 0 0 12.8 13.05 
11 0 0 11.37 11.15 0 0 1.28 1.33 
12 0 0 11.37 10.96 0 0.25 12.8 12.51 

Table 3.4: The real flows and the flows calculated (calc.) by deconvolution of the mass 
spectrum taken from different gas mixture. 
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From the data in Table 3.4 it can be concluded it is possible to deconvolute mass spectra of 
gas mixtures of two gases. The maximum error in the calculated gas flows is approximately 
5 % of the real gas flow. So for mixtures of two gases deconvolution of mass spectra will lead 
to individual flows that represent the reality very good. Unfortunately it was not possible to 
get mass spectra for mixtures of three or four gases, because there are only two gas lines 
available for injection of hydracarbon species, of w~ich one is only used for the injection of 
C2H2. Ho wever from the results of the measurements on mixtures of two gases it is reasanabie 
to assume that the deconvolution is also valid for mixtures of three or four gases. In 
condusion it can be said that the deconvolution can be used to analyze plasmas quantitatively, 
for as long as only the four gases for which the deconvolution is done are dominantly present 
in the plasma. 

3.3 Ellipsometry 

Ellipsometry is a diagnostic technique used to determine the complex refractive index and the 
thickness of a Iayer during deposition. It is an optica! technique which is based on the 
principle that the reflection coefficient of light polarized parallel to the plane of incidence (p
direction) differs from the reflection coefficient of the light polarized perpendicular to the 
plane of incidence (s-direction). So the polarization of an electromagnetic light beam will 
change at reflection on a surface. 

There are different kind of ellipsometers[Hov97
• Le

1971
• For some of the work in this report a 

Rotating Compensator Ellipsometer is used (see Figure 3.17). Light from a He-Ne laser is 
transformed into circular polarized light by a retarder (À14 plate). Next a polarizer will 
transfarm this light into Iinear polarized light, after which the light passes through another À/4 
plate (compensator). The light will then enter the reactor, where it will reflect on the sample. 
At this reflection the polarization is changed. In general the reflected light will be elliptically 
polarized. The reflected light will leave the vessel and pass through another polarizer 
(analyzer), after which it is focused on toa photodiode detector by a lens. The signa! from the 
detector is converted into a digital signa! by an AD converter, after which it is fed into a 
computer. From the data obtained as function of the compensator position the values of the 
ellipsametrie parameters 'P and ~ can be calculated. 
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Figure 3.17: The rotating compensator ellipsometer setup. 

analyzer mounted 
on stepping motor 

detector 

The ellipsometric parameters 'I' and ~ are related to the parallel and the perpendicular 
reflection coefficients (rp and rs) as 

r .<l 
p = _!!_ = tan('l')e' (3.33) 

r, 

So tan('l') is the ratio of the amplitude of the reflected light in the parallel and perpendicular 
direction and ~ is the difference in phase shift between these two directions on reflection. 

When there is a thin film on top of the sample multiple reflections will occur in this film (see 
Figure 3.18). The reflection coefficients for this kind of samples are given by 

roi + r.ft exp( -2i~) r = ~=------=.!.-~-..:.....:..... 
P 1 + roir.ft exp( -2i~) 

(3.34) 

where rab is the reflection coefficient at the interface between a and b, and ~ is the film phase 
thickness is given by 

(3.35) 

Here n2 (=n2+ik2 ) is the complex refractive index and d the thickness of the film. 
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Figure 3.18: Multiple reflection in a thinfilm. 
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From the 'I' and ~ values as function of time during deposition the complex refractive index 
and the thickness of the film as function of time can be derived. This is done on a computer by 
a simulation program, named ellsim, which is based on a program developed by 
Kroesen[Kro901 • 
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4. Infrared Spectrum Simulation 

4.1 Simulation theory 

To obtain information on the temperature and density of the plasma, a simulation program has 
been written. In this program some assumptions had to be made for the temperature 
dependency of the thermal partiele distribution of the rotational J states and the absorption 
line profile. 

For the density distribution of the J states, a Boltzmann distribution is used. The thermal 
partiele distribution of the rotational energy levels is given by 

NJ = (21 + l)Noe-BJ(J+I)tkT = (21 + l)Nror !!_e-BJ(J+I)tkT 
kT 

(4.1) 

where 1 is the quanturn number of rotation, N1 is the number of particles in the 1 state, N0 the 
number of particles in the ground state, k the Boltzmann constant, T the temperature and Nrar 

the total number of particles. A graphical representation of the thermal distribution function is 
given in Figure 4.1. 
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Figure 4.1: Thermal distribution of the rotational 1 stafes for B=5.0 cm-1 at different 
temperatures. 

The absorption line width as function of the temperature is assumed to be is given by the 
Doppier line width ( ~ v d ). Pressure broadening can be neglected, because this kind of 
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broadening will occur at pressures much higher than the pressure of the plasmas used in this 
report. The Doppier line width is given by 

(4.2) 

Here V 0 the wavenumber of the absorption Iine, k the Boltzmann constant, m the mass of the 

molecule, and c the speed of light. From this equation it can be seen that the line width is 
proportional to ..fi. 

In the infrared spectra two lines that are separated by less than the resolution of the Fourier 
transfarm speetroscape will not be resolved. This makes it complicated to see whether the real 
lines are Doppier broadened, but by means of the convolution between the Gaussian line 
profile and the Gaussian apparatus profile it is possible to calculate the width of the measured 
profile from the individual line widths and the distribution of the real absorption lines (see 
Figure 3.8). 

All the available information on the infrared spectrum has been combined in an infrared 
spectrum simulation program. This program has been written using the language Barland 
Pascal 7 .0. As a basis for this simulation the Hitran 1996 molecular database[Hit961 has been 
used. This database contains all absorption line positions and intensities for various 
molecules3 in the range from 0 to 17900 cm-1

• The absorption intensity data is given at 296 K, 
but the transition probabilities and the quanturn J state numbers for every line have been given 
individually. With this data and the thermal distribution of the rotational energy levels 
(equation (4.2)) it is possible to simulate a spectrum. To make the simulated spectra 
camparabie with the measured spectra obtained by Fourier transfarm infrared spectroscopy 
the non-linearity theorem that has been treated in paragraph 3.1.3 has also been implemented. 

To check whether the derived non-linearityin equation 3.23 is correct, a simulation of the Q
band bandhead absorption intensity as function of the partiele density has been made for C2H2 

and CH4 at constant temperature (T=296 K). The results of this simulation are shown in 
Figure 4.2. 

3 H20, C02, 03, N20, CO, CH4, 0 2, NO, S02, N02, NH3, HN03, OH, HF, HCI, HBr, Hl, CIO, OCS, HzCO, 
HOCI, Nz, HCN, CH3CI, HzOz, C2Hz, CzH6, and PH3, 
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Figure 4.2: Measured and simulated Q-band bandhead intensity as function of the precursor 
gas flow (left CH4, right C2H2). 

The simulated spectrum is only calculated for these positions at which absorption data has 
been obtained. In Figure 4.9 it can be seen that the measured Q-band bandhead absorption 
intensity is in perfect agreement with the simulated Q-band bandhead absorption intensity. 
From this it can be concluded that the non-linearity as calculated in appendix A is correct. 

To check whether the Q-band absorption profile is changing as function of the temperature in 
Figure 4.3 the normalized Q-band has been plotted for three different temperatures. From this 
figure it can be seen that the Q-band shape is changing significantly with changing 
temperature. 
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Figure 4.3: Normalized Q-band absorption intensity for three different temperatures as 
derivedfrom C2H2 spectrum simulation. 
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4.2 Gas cell measurements 

In order to verify the assumptions made with respect to the temperature dependenee of the 
absorption line, a temperature controlled gas cell has been constructed. This gas cell has been 
implemented in the Fourier transfarm infrared gas phase absorption spectroscopy setup (see 
Figure 4.4). The gas cell consists of a cylindrical aluminum tube with a groove (spiral) in the 
outer wall in which a heating element has been positioned. This will cause the aluminum tube 
to be heated homogeneously. The temperature of the gas cell is controlled manually by 
adjusting the power input of the heating element in such a way that the final temperature is 
equal to the desired temperature. The temperature of the gas cell is measured by means of a 
thermocouple and can be kept constant within 1 K. The gap between the gas cell and the wall 
of the reactor is on both sides approximately 1 cm. 

82cm 

Figure 4.4: The gas cell setup. 
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To start a series of measurements, the vacuum vessel of the deposition setup is pumped down 
to base pressure ( < 1 o-3 mbar) by means of a series of roots pumps. Wh en the base pressure is 
obtained, a background spectrum is obtained with the Fourier transfarm infrared spectroscope. 
When this is done the valve to the pump line is closed and the reactor is filled with the desired 
gas until the desired pressure is reached. Then the absorption of the unheated gas can be 
measured. 

Now the temperature can be changed4
, and for every desired temperature within the system's 

temperature limits, the absorption can be measured (300 K ~ T ~ 725 K). When the gas cell is 
heated, the pressure in the vessel will increase slightly due to the fact that the temperature of 
the gas will increase. The gas inside the gas cell tube will have the highest temperature, which 
is close to the gas cell wall temperature, while the gas that is the furthest away from the gas 
cell will have the lowest temperature, most likely a temperature close to room temperature. 

4 Increasing the temperature is easier than decreasing the temperature, because increasing the temperature to the 
maximum value will take 30 minutes, whereas cooling the system from the highest temperature back to room 
temperature takes a coup Ie of hours. 
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Figure 4.5: Vessel pressure as function of the gas cell temperafure for CH4 (lejf) and C2H2 
(right). 

In Figure 4.5 the pressure in the vessel as function of the gas cell temperature is given. In this 
figure it can be seen that the pressure in the vessel does not obey the ideal gas law: 

P=nkT (4.3) 

Here n is the number of particles per volume unit, k is the Boltzmann constant, and T is the 
temperature in the reactor. 

Hot 

Cold 

, T 
h 

Figure 4.6: Two temperafure system. 

Whatever the temperature and partiele density distribution in the volume will be, the pressure 
will be the same everywhere in the volume. If the system is represented by a two body system 
(see Figure 4.6), of which one part has a high temperature (the gas cell) and the other part has 
a low temperature, the system can be represented by the next set of equations: 

{
pvesse~ = nc k ~ = nh k Th 

n,V: -ncVc +nhVh 

V:=~+Vh 

(1) 

(2) 

(3) 

(4.4) 
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where V indicates a volume and the suffixes t, c, and h indicate total, at cold temperature, and 
at hot temperature respectively (see also Figure 4.6, Vr= 168 1 and Vh << Vc). Vc and Vh are 
assumed to be constant. Pvessel will not increase proportional to Th, because this would only 
happen when nh would stay constant (1). However when nh stays constant, nc should also stay 
constant (2). This would lead to an increase in Tc proportional to Th, and thus Tc would always 
be equal to Th, which does not seem reasonable, because the temperature of the volume wall 
will stay close to room temperature. In condusion it can be said that the density of the hot 
particles (nh) has to decrease and that the density of the cold particles (nc) has to increase 
when Th is increased and thus Pvessel will not be proportional to Th. From equation (4.3) it can 
be derived that Pvessel is given by 

p nrT:: 
vesse/ = V T 

1 h c +--
(4.5) 

VJ;, 

A Fit of the measured data with this function has also been shown in Figure 4.5. From the fit it 
can be seen that the two temperature model is not in perfect agreement with the measured 
data, this is because in general a temperature profile will not have such an instant temperature 
changes, but will be more continuous as function of the position. 
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Figure 4.7: Q-band bandhead absorption intensity asfunction ofthe gas cell temperaturefor 
CH4 (left, 3016 cm-1

) and C2H2 (right, 729 cm-1 
). 

In Figure 4.7 the Q-band bandhead absorption intensity as function of the gas cell temperature 
is given. From this figure it can be seen that the absorption intensity for CH4 is decreasing 
with increasing temperature, but that the absorption intensity for C2H2 is increasing with 
increasing temperature. This seems very strange, because the partiele density will decrease 
with increasing temperature and thus the absorption is expected to decreasing. After all, the 
absorption is proportional to the density (equation (3.10)). This however is true for the real 
absorption of a single line, but when the convolution of the real absorption spectrum and the 
apparatus profile is calculated (equation (3.23)) it appears that in the case of C2H2 (see Figure 
4.8) the absorption is increasing for a temperature increase in the range from 300 K to 725 K 
at constant density. 
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Figure 4.8: Q-band bandhead absorption intensity as function of temperafure at constant 
density for CH4 (left) and C2H2 (right) as derivedfrom spectrum simulations. 

In Figure 4.8 it can beseen that for CH4 an increase in temperature in the range from 300 K to 
725 K will also lead to an increase in bandhead absorption intensity. However, the relative 
increase, at an increase of temperature from 300 K to 725 K, for CH4 (15 %) is much smaller 
than the relative increase for C2H2 (55 %). In the gas cell experiments, the density of the 
absorbing particles is not constant and thus for CH4 a decrease in density together with an 
increasing of temperature in the range from 300 K to 725 K will result in a decrease in the Q
band bandhead absorption intensity, whereas for C2H2 the Q-band bandhead absorption 
intensity will still increase with increasing temperature. 

From the gas cell absorption spectrum of C2H2 it is possible to obtain the temperature and 
density of the C2H2 molecules by use of a numerical fitting procedure. The used fitting 
procedure is based on a fitting routine developed by van Kampen[Kam961 which uses the 
Marquardt-Levenberg method. To derive a temperature and a partiele density only the Q-band 
is fitted. This is because the partial pressure in the gas cell experiments is a factor 15 to 20 
higher than the partial pressure of C2H2 used at plasma conditions. At these pressures the 
rotational distribution ofthe P-and R-branch can beseen (see Figure 3.l).lt is possible to use 
the distribution of the absorption lines in the P- and R-branch to get information on the 
temperature from an infrared spectrum. However, this metbod is not very useful for obtaining 
the temperature from a plasma, because at the partial pressures used during deposition, the 
absorption intensity of the P- and R-branch is too low to be measured. The fitted temperature 
and density is plotted in Figure 4.10. For C~ only a simulation program has been written and 
no fitting program. 

To prove that the fitted temperature and partiele density result in a spectrum that is similar to 
the measured spectrum, a simulated and a measured infrared spectrum for C2H2 are shown in 
Figure 4.9. The measured infrared spectrum has been obtained using the gas cell. The C2Hz 
pressure for the measured infrared spectrum is equal to 0.884 mbar and the gas has a 
temperature of 425 K. From the figure it can be seen that the measured and the simulated 
absorption spectrum are quite similar. First of all the measured and the simulated spectra show 
peaks at the same position. This indicates that the simulation of the spectrum works well. 
Secondly it can beseen that the shape of the simulated P- and R-branch is similar to the shape 
of the measured absorption spectra. 
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Figure 4.10: Fitted temperafure (left) and density (right) as function of the gas cel! 
temperafure set point for C2H2. 

In Figure 4.10 it can be seen that the fitted temperature from the infrared spectrum is slightly 
higher than the temperature setpoint. From this it can be concluded that it is possible to fit the 
temperature from an obtained infrared spectrum with an accuracy of approximately 100 K, 
and thus the assumptions made with respect to the dependency of the absorption spectrum on 
temperature are correct. On the right hand side of Figure 4.10 it can be seen that the fitted 
density of the C2H2 molecules is decreasing with increasing temperature, as expected. 

The density as function of temperature in the gas cell filled with CH4 will most probably be 
similar to the density as function of temperature for C2H2, because the thermal properties of 
C2H2 and CH4 do not differ very much. The heat conductivity coefficient[Han951 for is equal to 
3.0·10-4 wm-1K 1 and 1.9·10-4 wm-1K 1 for CH4 and C2H2 respectively, whereas for example 
helium has a heat conductivity coefficient equal to 1.44·10-3 wm-1K 1

. According to Figure 
4.8 the absorption is increasing by a factor of 1.55 for a temperature increase from 300 K to 
725 K, however due to the change in density the real absorption is only increasing by a factor 
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of 1.22 (see Figure 4.9). So due to the change in temperature the simulated absorption at 
constant density will decrease by a factor 1.27 (1.55/1.22), which will also happen for CH4. In 
the case of CH4 the absorption intensity at constant density is increasing by a factor of 1.15 for 
the same temperature increase as C2Hz. Due to the change in density this factor will however, 
just as in the case of C2H2, decrease by a factor of 1.27 and result in a measured absorption 
intensity that changes by a factor of 0.90, and thus a decrease in measured absorption intensity 
with an increase in temperature. The real measured absorption intensity changes by a factor of 
0.6, which is smaller than the derived 0.90, but that can be due to the fact that the non
linearity of the absorption intensity has been neglected in this calculation. it may thus be 
concluded that the measured results are in agreement with the simulations. 
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5. Results 

5.1 Introduetion 

Gas phase FTIR spectroscopy and mass speetrometry measurements have been performed on 
4 different kind of plasmas (Ar/CH4, Ar/CzHz, Ar/CzH4 and Ar/CzH6) at different are currents 
and precursor gas flows. For all the experiments done the precursor gas has been injected via 
the ring. The measurements have been done at 60 cm from the exit of the are. In the next 
paragraphs the results of these experiments will be discussed. 

The first plasma that will be discussed is the Ar/C2H2. This is done because this kind of 
plasma has been studied most extensively of the four plasmas studied. The films deposited by 
an Ar/C2H2 plasma have been studied by Gielen[Gie961

• The study of Gielen for example 
showed that the growth rate is increasing with increasing acetylene precursor flow and that the 
deposited material becomes harder with increasing growth rate. The harder the material the 
higher the density of this material and the fewer hydrogen is implemented in the film materiaL 
Gielen also showed that the refractive index of the deposited material is increasing with the 
hardness of the material and thus also increasing with the growth rate. 

The study of Gielen also left some questions, which are still unanswered. Up to this study it 
was still not known what the dissociation degree of the injected C2H2 gas in the expanding 
thermal argon plasma would be. To generalize the dissociation degree, a new parameter will 
be introduced. This parameter is called the depletion (D), which is defined as 

X' -X' X' 
D= off on =1-~=1 

x~ff x~ff 

r-1 (X:;:.) 

r-1 (X;;ff) 

where X is the signal from which the depletion is derived (either absorption or mass 
speetrometry intensity), f -I is the reverse calibration function of the measured absorption 
intensity as function of the flow (see chapter 3.1.3). This is to correct for the non-linear 
behaviour of the absorption as function of the injected precursor flow. The suffix m indicates 
that it is the measured value and the suffix r indicates that it is the real value. The suffixes on 
and off indicate that the signal is obtained in the plasma on or plasma off situation 
respectively. A depletion equal to 1 means that all precursor gas molecules have been 
dissociated by the plasma and a depletion equal to 0 means that none of the precursor gas 
molecules have been dissociated by the plasma. 

The importance of polymerization in the gas phase is another question which was not 
answered by the study of Gielen. As well as the question which particles are responsible for 
the deposition. The study of Gielen suggested that C2H is the most dominant radical in the 
plasma, but no actual proof has been given whether this radical is also responsible for the 
deposition. That C2H is the most dominant radical is based on optica} emission spectroscopy 
measurements and the theory. The reaction mechanism to produce C2H from C2H2 in an 
expanding thermal argon plasma is according to Gielen a two step reaction mechanism, of 
which the first step is a charge exchange reaction given by 
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(5.1) 

followed by the dissociative recombination step 

C2H2+ + e- -7 C2H* + H* 
-7 CH* + CH* 
-7 c2* + H2 
-7 c* + CH2 

of which the first reaction was argued by Gielen to be the dominant reaction channel. Direct 
dissociation by means of electrans is not possible because the electron energy of 0.3 e V as 
measured using Langmuir probes is too small for electron impact dissociation. 

The four different precursor gases have previously been studied by Aerts[Aer97l, who 
investigated the influence of the hydrogen to carbon ratio of precursor gases on the deposition 
of a-C:H films. In this study of the four different precursor gases these unanswered questions 
of Gielen will be taken into account and where possible the questions will be answered. As 
stated before the Ar/C2H2 plasma will be discussed first, after which the Ar/CH4, the Ar/C2H4, 

and the Ar/C2H6 plasmas will be discussed. 
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5.2 Argon/Acetylene Plasmas (Ar/C2H2) 

5.2.1 Depletion of C2H2 

In Figure 5.1 the virtual flow (the flow that seems to be left in the plasma on situation) of 
C2H2 is given as a function of the C2H2 precursor gas flow for four different are currents 
(89.3 A, 57.1 A, 37.5 A and 24.6 A) for both the gas phase FfiR spectroscopy and mass 
speetrometry measurements. To calculate the virtual flow from mass speetrometry 
measurements, the obtained mass spectra have been deconvoluted (see chapter 3.2.2). For the 
calculation of the virtual flow from FfiR spectroscopy measurements, the absorption peak 
height of the peak at 729.15 cm-1 has been used. lt has been assumed that the absorption is 
independent of gas temperature, which is in fact not the case as has been discussed in chapter 
4. From the measured peak height the virtual C2H2 flow is derived, taking into account the 
fact that the absorption intensity has a non-linear behaviour (see chapter 3.1.3). With the 
virtual C2H2 flow and the known injected precursor flow the depletion has been calculated 
(see Figure 5.2). 
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Figure 5.1: Measured virtual flows of C2H2 as function of the C2H2 precursor flow for 
different are currents, obtained from FTIR spectroscopy data (left) and from mass 
speetrometry data (right). 

In Figure 5.2 it can be seen that the depletion is increasing with increasing are current and/or 
decreasing precursor flow. When the power input per molecule is increasing, the probability 
that the molecule will dissociate will increase. Two ways to increase the power input per 
molecule is by decreasing the number of molecules (decreasing the flow) or by increasing the 
power input (increasing the are current). 

In Figure 5.2 it can be seen from the FfiR spectroscopy part of this figure that for C2H2 as a 
precursor gas it is possible to get a depletion equal to 1 and thus a full consumption of the 
injected C2H2 precursor gas. These measurements immediately answer the question stated by 
Gielen[Gie961 about the dissociation degree of the injected precursor gas. From both mass 
speetrometry and infrared spectroscopy it can be concluded that the dissociation of C2H2 is 
high (up to 100 % ). Full dissociation would, according to Gielen, result in a lower limit of the 
sticking probability of C2H equal to 0.05. The fact that the depletion can be equal to 1 also 
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indicates that there is no ( or no fast enough) reaction mechanism to form C2H2 again from the 
reaction products in detectable amounts. 
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Figure 5.2: Depletion of C2H2 as function of the C2H2 precursor flow for different are 
currents, obtained from FTIR spectroscopy data (left) and from mass speetrometry data 
(right). 

When the depletion according to mass speetrometry data is compared to the depletion 
according to the FfiR spectroscopy data, it is clear that these two techniques do not result in 
the same value for depletion. There are several reasons why the value of the depletion is not 
the same for both techniques. The mass spectrometer collects gas through a small pinhole in 
the wall of the vessel (below the substrate holder) and thus data is only obtained from the gas 
that is close to the pinhole, i.e. the background. The FfiR spectrometer however, collects data 
of the gas in the detection volume along the path of the infrared light beam. According to this 
difference, FfiR spectroscopy and mass speetrometry would only give the same results when 
the plasma would be completely homogeneous. 

The fact that the depletion according to FfiR spectroscopy measurements is equal to 1 in far 
more cases than the depletion according to mass speetrometry measurements, indicates that 
there is probably production of C2H2 at the wall, but that the produced amount is too small to 
contribute to the absorption in the infrared absorption spectra. The presumed production of 
C2H2 can be detected by mass spectrometry, because the gas is extracted through a small 
pinhole which is situated in the wall of the plasma reactor and because the detection limit of 
mass speetrometry is lower (factor > 1 0) than that of FTIR spectroscopy. 

A second reason for the difference between the FfiR spectroscopy data and the mass 
speetrometry data is the fact that mass speetrometry is not affected by the plasma 
temperaturel8

ra
981

, whereas FfiR speetrometry is affected by the gas temperature. The fact that 
mass speetrometry is not affected by the plasma temperature has been shown by 
Brandenburg[Bra981

, who did not observe any difference in mass spectrometer signal between a 
reactor filled with argonfnitrogen gas mixture or with an argon/nitrogen plasma. This is most 
probably because the hot particles from the plasma are already cooled down to room 
temperature, through collisions with the wall, before they reach the extraction pinhole of the 
mass spectrometer The fact that an argon/nitrogen gas plasma does not differ from an 
argon/nitrogen gas mixture does of course not completely guarantee that this is also the case 
for molecular species consisting of more than one atom type. The dependency of FfiR 
spectroscopy on gas temperature has clearly been shown in chapter 4. 
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5.2.2 Depletion of C2H2 versus argon ionization degree 

Gielen stated an one to one relation for the dissociation of C2H2 by Ar+ (equation (5.1) and 
equation (5.2)), which indicates that it is impossible to dissociate more C2H2 molecules than 
the amount of argon ions coming from the are. When it is assumed that this assumption is 
valid, then the argon ions react with the CzHz molecules during their travel to the substrate 
and the argon ion density and CzH2 density will be given by the following set of differential 
equations 

dnA + __ r_=-n ·n ·k 
dx Ar+ ~Hz 

dncH 
--

2 
-

2 = -n · n · k dx Ar+ CzHz 

(5.3) 

where nis the partiele density, with the suffix Ar+ and CzH2 indicating that it is for argon ions 
or C2H2 molecules respectively, x is the distance to the nozzle of the cascaded are, and k is the 
reaction rate coefficient. lt has been assumed that there is no production of C2H2 from the 
dissociation products of C2H2. Instead of using densities it is also possible to write these 
differential equations as function of the argon ion flow and the injected C2H2 flow. 

(5.4) 

Here l/J Ar+ is the of argon ion flow from the are, l/J CzHz is the injected CzHz precursor flow, and 

ki/J the reaction rate coefficient for the differential equation as function of flows and is given 

by 

k 
ki/J =--2 

Av 
(5.5) 

where k is the reaction rate coefficient for the differential equations as function of the 
densities, A is the cross section of the plasma beam, and v is the velocity of the particles5

. Due 
to the assumption of the one to one reaction mechanism the argon ion flow from the are may 
be written as a function of the C2H2 flow 

(5.6) 

5 The area and the velocity are considered to be constant. 
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where c is a constant which is equal to the initia! (.x=O) difference between the argon ion flow 
and the C2H2 flow. 

(5.7) 

So thesetof differential equations given by equation (5.4) can be rewritten as one differential 
equation, which is given by 

(5.8) 

The boundary condition is given by 

(5.9) 

The solution of the differential equation given by equation (5.8) with this boundary condition, 
is given by 

(5.10) 

This equation has been used to fit the depletions of C2H2 as function of the C2H2 flow for 
different are currents as calculated from mass speetrometry (see Figure 5.2). The results of the 
fits are shown in Figure 5.3. 

1.0 

0.9 

0.8 

0.7 

0.6 

0.5 
0 

0.4 

0.3 

0.2 

0.1 

0.0 
0 

Are Current 
•-89.3A 

........ 57.1 A 

"1'-37.5 A 
+24.6A 

Ar flow = 1 00 scc/s 

2 4 6 8 10 12 14 16 18 20 

C
2
H

2 
Flow (scc/s) 

Figure 5.3: Theoretica! (solid lines) and measured (symbol) behaviour of the depletion of 
C2H2 as function of the C2H2 precursor flow for different are currents. 
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From Figure 5.3 it can beseen that this theoretica! behaviour of the depletion does correspond 
with the real behaviour of the depletion. First the depletion at 89.3 A has been fitted by 
varying two parameters: the argon ion flow and the value for k~ ·x . After this the other three 

curves have been fitted with only the argon ion flow as a variable. The value for k~ . x has 

been kept constant, because this value should be independent of the are current. The fitted 
value for k~ ·x is equal to 0.24 s. The fitted values for the argon ion flow as function of the 

are current are shown in Figure 5.4. In this figure also the argon ion flow as measured by 
Gielen[Gie961 is shown. Gielen assumed 10 scc/s Ar+ at 48 A and 100 scc/s of argon through the 
are. 
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Figure 5.4: Fitted argon ion flow from the depletion shown in Figure 5.2 and the argon ion 
flow as measured by Gielen[Gie961 at 100 scc/s of argon in the are. 

In Figure 5.4 it can be seen that the fitted argon ion flow and the argon ion flow as measured 
by Gielen[Gie961 show the same behaviour. From this it can immediately be concluded that 
assumption of the one to one relation between argon ions and C2H2 molecules is valid. So the 
dissociation process is a two step process, of which the first step is a charge exchange reaction 
which is immediately foliowed by the second step which is a dissociative recombination step 
(equation (5.1) and equation (5.2)). 

5.2.3 Temperature and density of the Ar/C2H2 plasma 

To get an impression of the plasma temperature, the infrared absorption spectra of C2H2 have 
been fitted using the routine described in chapter 4. From these fits the rotational gas 
temperature as well as the gas density is determined. 
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Figure 5.5: Fitted temperafure of the C2H2 gas as function of the C2H2 precursor gas flow, 
for the plasma off (top) and the plasma on situation with an are current of 24.6 A (middle) 
and 37.5 A (bottom). 
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A (bottom). 

In Figure 5.5 the fitted C2H2 gas temperature has been shown as function of the C2H2 
precursor gas flow, for the plasma off and the plasma on situation. Por the plasma on situation 
only the data for 24.6 A and 37.5 A have been fitted, because for higher are currents the 
measured infrared absorption intensity is small, which would lead to big errors in the fitted 
data. 
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From Figure 5.5 it can be seen that the rotational gas temperature is independent of the 
precursor gas flow and close to room temperature. This may be explained by the fact that the 
fitted temperature is an averaged temperature of the CzHz particles in the infrared beam. The 
density of the C2H2 particles in the plasma beam will be much lower than the density of the 
C2H 2 particles at the wall of the reactor, because of the dissociation of C2H 2 in the plasma 
beam and a higher temperature of the C2H2 particles in the plasma beam than the C2H 2 

particles at the wall. Due to this difference in density, the measured infrared absorption signal 
will be mainly due to the particles close to the wall. The particles at the wall will most 
probably have a temperature close to room temperature, and thus a temperature fit of the 
measured infrared absorption will result in a temperature close to room temperature. 

When the are current is increased, the fitted temperature decreases. This can be explained by 
the fact that at increasing are current the depletion will also increase, and thus the density of 
the C2H2 particles in the plasma beam will become smaller. This will result in a smaller 
influence of the particles in the plasma beam, and thus the temperature will be closer to room 
temperature. 

In Figure 5.6 the fitted C2H 2 density is shown as function of the C2H 2 precursor gas flow, for 
the plasma off and the plasma on situation. From this figure it can be seen that the density is 
linear with the precursor gas flow in the plasma off situation. The linear behaviour is also 
observed for the plasma on case, although the straight line through the fitted data does not 
cross at the origin of the figure. It has to be kept in mind however that the fitted C2H2 

densities are average densities, just as the fitted temperatures are average temperatures. The 
fitted C2H2 densities are an indication of how many C2H2 particles are in the infrared beam. 
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the fitted C2H2 density as shown in Figure 5.6 (/Rfit) and the depletion of C2H2 as calculated 
from mass speetrometry (MS) 

From the densities showed in Figure 5.6 the depletion can be derived, which is shown in 
Figure 5.7. When the depletion calculated in this way is compared to the depletion calculated 
from mass speetrometry it can be seen that the depletion calculated from the densities from 
the fitted infrared absorption spectra data is higher than the depletion calculated from the mass 
speetrometry data. As stated above, the density of the C2H2 particles in the plasma beam will 
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be smaller than the density of the C2H2 particles as measured in the background of the plasma. 
This means that the average density of C2H2 particles will be lower than the density of C2H2 
particles outside the plasma beam. The mass spectrometer will measure a signal which is 
proportional to the density of the C2H2 particles outside the plasma beam. The infrared 
spectroscope will measure a signal which is proportional to the average density of the C2H2 

particles, so the measured density by infrared spectroscopy will be lower than the measured 
density by mass spectrometry, and thus the depletion calculated from infrared spectroscopy 
will be higher than the depletion calculated from mass speetrometry. 

5.2.4 Production of CmHn in an Ar/C2H2 plasma 

In Figure 5.8 and Figure 5.9 respectively the mass spectra and infrared spectra of C2H2 are 
shown for the situation in which the plasma is on (dashed line) and for the situation in which 
the plasma is off (solid line). From these figures it can beseen that the mass spectrum and the 
infrared spectra of the plasma on situation looks quite similar to the mass spectrum of the 
plasma off situation. From this it can be concluded that the molecules in a C2H2 plasma are 
mainly C2H2 molecules. Detailed analysis by means of deconvolution shows that at certain 
conditions there is also some C2H4 production in the plasma . 
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Figure 5.8: Mass speetrometry data of C2H2 in the plasma off and the plasma on situation. 
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Figure 5.9: lnfrared spectra of C2H2 in the plasma on and the plasma off situation. The 
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In Figure 5.10 the virtual flows, as obtained from deconvolution of mass speetrometry data, of 
CH4, C2H4 and C2H6 in a C2H2 plasma is shown as function of the C2H2 precursor flow for 
different are currents. 
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Figure 5.10: The virtual flow of CH4, C2H4 and C2H6 in a C2H2 plasma as calculated from 
mass speetrometry measurements for different are currents. 
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From this figure it can be seen that no production of CH4 and CzH6 in a CzHz plasma could be 
detected. Only a very small amount of CzH4 is being produced inside the CzHz plasma ( <3 % 
of the injected CzHz flow). The jump in the value of the produced CzH4 is due to the 
deconvolution. Values for the virtual flow of CzH4 below 0.2 scc/s can not be deconvoluted. 
The CzH4 production does not take place for very low precursor flows ( <5 scc/s). This 
indicates that the production of CzH4 is not a first order process. The production of CzH4 in a 
CzHz plasma could be via actdition of hydrogen to CzHz. The hydrogen available in the CzHz 
plasma must come from the dissociation of CzHz. When it is assumed that CzHz is dissociated 
in CzH and H, then the production of atomie hydrogen will be equal to the consumed CzHz 
flow. Thus the higher the degree of dissociation of CzHz, the more hydrogen will be available 
in the plasma, and thus the higher the reaction probability for upgrading CzHz to CzH4, will 
be. 

5.2.5 Hydrogenation 

In the previous paragraph it has been suggested that actdition of hydrogen to CzHz may lead to 
the production of CzH4 in a CzHz plasma. First of all a proof will be given that this reaction is 
possible on an energetically basis in the gas phase. Second experiments of an Ar/(CzHz + Hz) 
plasma will be shown from which it can be seen that hydragenation does occur. 

Bond Binding Energy 
H-CCH 5.77 eV 

H-CHCHz 4.83 eV 
H- CzHs 4.39 eV 
HC=CH 10.02 eV 

HzC = CHz 7.61 eV 
H3C- CH3 3.90 eV 

H-CH3 4.55 eV 
H-H 4.52 eV 

Table 5.1: Overview of the hydracarbon bindings and the corresponding binding 
energies'Han951• 

In Table 5.1 an overview is given of the different hydracarbon bondings and the 
corresponding binding energies. From this data it can be calculated that the energy needed to 
fully dissociate one CzHz molecule into atoms is equal to 21.56 eV (2·5.77 + 10.02). To 
dissociate one Cz~ molecule into atoms an energy of 26.93 eV (4-4.83 + 7.61) is needed. The 
energy needed for dissociation of molecules into atoms is equal to the energy which comes 
free when these molecules are composed from atoms, thus the creation of CzH4 by actdition of 
two hydrogen atoms to CzHz yields an energy of 5.37 eV (26.93- 21.56). This energy is 
higher than the energy required for the dissociation of Hz into atoms. This shows that the 
reaction to form Cz~ by actdition of Hz to CzHz is exothermic by 0.85 eV (5.37- 4.52). In the 
plasma this reaction would even be more exothermic, because in the plasma part of the 
hydrogen is already available in atomie form. In conclusion, on an energetic thermadynamie 
basis it is possible to create CzH4 from CzHz in a plasma containing atomie or molecular 
hydrogen. 

61 

-



When the same calculations as above are done for the production of CzH6 from CzH4 by 
actdition of hydrogen, it becomes clear that this reaction is only exothermic when atomie 
hydrogen is available. The energy required for full dissociation of CzH6 into atoms is equal to 
30.24 eV (6·4.39 + 3.90), so the reaction will be exothermic by 3.31 eV (30.24- 26.93) if 
atomie hydrogen is available. When however no atomie hydrogen is available, the production 
via dissociation of Hz will make the reaction become endethermie by 1.21 eV. Therefore 
energetically this reaction can only take place inside a plasma where atomie hydrogen is 
available. 

To find out if the hydragenation reaction is really taking place, experiments using a mixture of 
CzHz and Hz have been done. However when hydrogen is added to the gas phase (plasma off) 
situation the absolute value of the mass speetrometry signal for the CzHz mass is changing due 
to this hydrogen actmixing and thus it is not possible to use deconvolution to obtain the 
absolute value of the virtual CzH4 production. However, the ratio of the mass speetrometry 
signal in the plasma on situation and the mass speetrometry signal in the plasma off situation 
for the CzH4 mass channel can be used as an indicator for the production of CzH4. This ratio 
has been plotted in Figure 5.11. 
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Figure 5.11: The ratio of the mass spectrometer intensity in the plasma on and the plasma off 
situation at the C2H4 mass channel as function of the admixed H2 flow for different are 
currents. 

In Figure 5.11 it can beseen that the ratio of the CzH4 mass speetrometry signal in the plasma 
on and plasma off situation is increasing with increasing hydrogen admixture. The ratio is 
even becoming larger than 1, which indicates that there is production of CzH4 at higher 
hydrogen actmixture flows. The increase however does not mean that the production of CzH4 
is also increasing with increasing hydrogen admixture, because due to the hydrogen actmixture 
the depletion of CzHz will decrease and thus the contribution of CzHz at the mass channel of 
CzH4 will also increase (cracking pattern). The depletion will decrease because hydrogen 
molecules will also consume argon i ons, and thus there will be less Ar+ available for the 
dissociation of CzHz. In Figure 5.12 the depletion of CzHz as calculated directly from the mass 
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speetrometry C2H2 signal at mass 26 and not by means of deconvolution of the obtained total 
mass spectra, is shown. The fact that the production of C2H4 is small compared to the virtual 
C2H2 flow justifies the use of the CzHz signal for calculating the depletion. 
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Figure 5.12: Depletion of C2H2 in a C2H2 + H2 plasma as function of the H2 flow. Depletion 
has been calculated using the mass speetrometry C2H2 signa! at mass 26 and nat the 
deconvolution method. 

To check the behaviour of the C2H4 production as function of the actmixed H2 flow, it is 
necessary to compare the ratio shown in Figure 5.11 with the depletion. In Figure 5.12 it can 
be seen that the depletion goes down by 0.38 and 0.18 for an are current of 24.6 A and 57.1 A 
respectively when the hydrogen flow is increased from 3 to 18 scc/s. The contribution of C2H2 

at the mass channel of C2H4 will increase accordingly with the same value. However the 
increase according to Figure 5.11 is 0.33 and 0.21 for an are current of 24.6 A and 57.1 A 
respectively. So the increase in Figure 5.11 is almost equal to the decrease of the depletion 
shown in Figure 5.12. This means that the change(~) in the ratio of the measured (m) signal 
of C2H2 in the plasma on and the signal of C2H2 in the plasma off situation is equal to the 
change in the ratio of the measured signal of C2H4 in the plasma on situation and the signal in 
the of C2H4 in the plasma off situation. 

(C Hm,on) (C Hm,on) ~ 2 2 =.6. 2 4 
C Hm,off C Hm,off 

2 2 2 4 

(5.11) 

The measured value at the C2H2 mass channel will be the sum of the real (r) CzHz value and 
the contribution due to the cracking pattem of C2H4 at the C2Hz mass channel. Sernething 
similar is valid for the CzH4 mass channel. 

C2H:;' = C2 H; +a-1 
• C2 H; 

C2 H'; = b · C2H; + C2H; 
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where a and b are the ratios of the CzH4 and C2H2 peak in the cracking pattem of C2H2 and 
CzH4 respectively. Substitution in equation (5.11) and using C2 H;·off = 0 (no C2a. in the 

plasma of situation) results in 

(c Hr,on + -1.C Hr,on) (b·C Hr,on +C Hr,on) ~ 2 2 a 2 4 =~ 2 2 2 4 

C Hr,off b. C Hr,off 
2 2 2 2 

(5.13) 

Which can be rewritten as 

( -1. C Hr,on) (b-1. C Hr,on) ~a 2 4 =~ 2 4 
C Hr,off C Hr,off 

2 2 2 2 

(5.14) 

The values fora and b are not the same and thus ~( C2 H;·on) = 0. This indicates that actdition 

of hydrogen does not result in a change in the production of C2H4, and thus it would be easy to 
conclude that hydrogenation does not occur. However this condusion has to be handled with 
care, because it has been assumed that the measured C2H2 signa! in the plasma off situation 
does not change when hydrogen is admixed. However the measured C2H2 signa! in the plasma 
off situation does change ( <25 %) and thus this condusion might be wrong. The change in the 
mass speetrometry signa! when hydrogen is actmixed to the C2H2 may be due to a change in 
the conductance of the pinhole system. 

5.2.6 Production of CmHn in an Ar/CzHz plasma (m>2) 

In actdition to the CmHn species with m=1 or m=2 found in a CzHz plasma also CmHn species 
with m>2 are found. This is illustrated by a mass speetrometry spectra which is shown in 
Figure 5.13. In this figure the peaks at mass 20 and mass 40 are due to the argon precursor gas 
in the plasma (Ar+ and Ar2+) and the peaks at mass 18 and mass 36 are due to an isotope of 
argon. An overview of the position of the different carbon bands in the mass spectrum is 
shown in Table 5.2. 

m mass numbers 
1 12- 16 
2 24-30 
3 36-44 
4 48-58 
5 60-72 
6 72-86 

Table 5.2: Overview of the position of the different carbon CmHn bands in the mass spectrum. 

From Figure 5.13 it can be seen that CmHn species are created in the C2H2 plasma with m 
varying from 2 to 6, which indicates that polymers are produced in a C2H2 plasma. The band 
for m=3 can not be seen very clearly due to the peaks of argon intertering with this band. lt 
can be seen from the figure that the bands having odd m have clearly less intensity than the 
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bands having even m. This suggests that the polymerization is preferentially taking place via 
reactions in which particles containing 2 carbon atoms (e.g. C2H) are involved. 
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Figure 5.13: Mass spectrum of C2H2 in the plasma on ( dashed) and the plasma off situation 
(solid). 

The signal of the m=4 band which extends from mass 48 amu up to 58 amu (see Table 5.2) 
seems to decrease towards the end of the band, indicating that most of the m=4 species created 
in the plasma are unsaturated hydrocarbons. From the fact that the first 3 peaks are clearly 
stronger than the other peaks in the m=4 band, it is easy to conclude that the species generated 
would be C4H2, but this can not be guaranteed completely, because the cracking pattem of this 
partiele is not known. The m=6 band shows a similar behaviour, from which it could be 
concluded that the species generated is C6H2. Measurements performed by Doyle[Doy971

, affirm 
the production of C4H2 and C6H2 in C2H2 plasmas. A more detailed discussion will be given 
in chapter 6. 

5.2.7 Deposition in an Ar/C2H2 plasma 

In Figure 5.14 the film deposition rate for an Ar/C2H2 plasma is shown as function of the 
precursor gas flow at an are current of 57.1 A. This growth rate has been determined by in situ 
ellipsometry. From the figure it can be seen that the film deposition rate for the C2H2 is 
increasing with increasing C2H2 precursor gas flow. 
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Figure 5.14: Deposition rate and the consumed carbon flow as function of the C2H2 

precursor flow in an Ar/CzHz plasma at 57.1 A and 100 scc/s of argon ( equation ( 5.15) ). 

In Figure 5.14 also the consumed carbon flow as function of the precursor gas flow has been 
plotted. The consumed carbon flow is, in the case of C2H2 plasma is given by 

l/J consumedC = 2D ·l/J injectedC2H2 
(5.15) 

where D is the depletion as calculated from the Fourier transfarm infrared spectroscopy 
(FTIR) measurements or mass speetrometry measurements. This is valid, because there is 
almost no production of new particles in the plasma (C2H4 less than 3 % of the injected C2H2 

flow and less than 5 % of polymers). 

Wh en the film growth rate and the consumed carbon flow, as calculated from Fourier 
transfarm infrared data as well as calculated from mass speetrometry data, are compared, it 
can be seen that the film growth rate and the consumed carbon flow, show the same 
behaviour. This indicates that the film growth rate is proportional to the consumed carbon 
flow and thus proportional to the consumed C2H2 flow. 
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5.3 Argon/Methane Plasmas (Ar/CH4) 

5.3.1 Depletion of CH4 

In Figure 5.15 the virtual CH4 flow is given as function of the CH4 precursor gas flow for four 
different are currents (89.3 A, 57.1 A, 37.5 A and 24.6 A) for both the gas phase FTIR 
spectroscopy and mass speetrometry measurements. Just as in the case of C2H2, the mass 
speetrometry spectra had to be deconvoluted before the virtual flow could be calculated. To 
derive the virtual flow from the infrared spectra the absorption peak at 3016 cm-1 has been 
used. The virtual flow calculated from Fourier transfarm spectroscopy data has been corrected 
for non-linearity of the signal under the assumption that the plasma temperature is equal to 
room temperature, which is not a very bad guess as has been shown for C2H2 in paragraph 
5.2.3. 

45 
reCurrent 

40 .-a9.3A 
··•···· 57.1 A 

35 .t. ·37.5A 
~ 9'-24.6A 
g 30 Ar Flow= 100 scc/s 

!!!-
3: 25 
.Q 

~"' 20 

~ 15 ..----· 

€ 10 .-/.--/.1.. 

> 5 - -~~:~==~€~~::::=: 
10 15 20 25 30 35 40 45 50 

CH 
4 

Flow (scc/s) 

45 

40 

35 

..!!! 
8 30 
!!!-
3: 25 
0 

u: 20 
:r:· 
(.) 15 
<ij 
::> 
t:: 10 
> 

10 15 20 25 30 35 40 45 50 

CH 
4 

Flow (scc/s) 

Figure 5.15: Measured virtual flows of CH4 as function of the CH4 precursor flow for 
different are currents, obtained from FTIR spectroscopy data (left) and from mass 
speetrometry data (right). 

From the data shown in Figure 5.15 the depletion can be derived, which is given in Figure 
5.16. From this figure it can be seen, just as in the case of C2H2, that the depletion increases 
with increasing are current and/or decreasing CH4 precursor gas flow. The dependency of the 
depletion on the are current is more pronounced than the dependency of the depletion on the 
precursor gas flow. This indicates that argon i ons coming from the are, are important for the 
dissociation of the CH4 molecules. From the fact that the depletion is almost independent of 
the precursor gas flow, it may be concluded that dissociation products of CH4 are also 
contributing to the further consumption of CH4 (Polymerization, see chapter 5.3.3). For some 
are currents the depletion seems to decrease for decreasing precursor gas flows ( < 10 scc/s ), 
This could be due to the fact that the error in the calculation of the depletion is increasing for 
decreasing precursor gas flows. The error in the calculated depletion value is the largest for 
lowest precursor flow, because here the measured signal is the lowest and thus the relative 
error in the measured values is the largest. 
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Figure 5.16: Depletion of CH4, as function of the CH4 precursor flow for different are 
currents, obtained from FTIR spectroscopy data (left) and from mass speetrometry data 
(right). 

When the depletion according to mass speetrometry data is compared to the depletion 
according to the infrared spectroscopy data it can be seen clearly that these two techniques do 
not result in the same value for depletion. Just as in the case of C2H2 the gas temperature, the 
resulting decrease in density, and the position at which the gas samples are taken may explain 
the difference. 

5.3.2 Dependency of the depletion on the argon flow 

In Figure 5.17 the depletion as function of the argon precursor flow in the are is shown for 
different CH4 precursor flows at fixed are current and for different are currents at fixed CH4 

precursor flow. From this figure it can be seen that the depletion increases with increasing 
argon flow, which can be explained easily. More argon flow in the are will result in more 
argon ions coming out of the are, which will lead to more dissociation of the CH4 precursor 
gas flow, and thus to a higher depletion. As can be seen from the figure, the efficiency of this 
process decreases with increasing are current, e.g. the amount of argon ions coming from the 
are will re ach a maximum. At a certain argon flow, the number of argon i ons leaving the arcs 
exit will no longer increase. 
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different CH4 precursor flows at a fixed are current and right the depletion for different are 
currents at afixed CH4jlow is shown. 

5.3.3 Production of CmHn in an Ar/CH4 plasma 

In Figure 5.18 the mass speetrometry data of CH4 in the plasma off and the plasma on 
situation has been plotted. In this figure the solid line is the measured cracking pattem for CH4 

in the gas phase. The dashed line is the measured mass spectrum for the situation in which the 
plasma is tumed on. In this situation the detector current increases for all masses shown on the 
right hand side of the figure. From the appearance of the peaks at the masses 29 and 30 it can 
be seen that C2H6 is produced. But when the measured mass spectrum is compared with the 
cracking pattem of C2H6 (see paragraph 5.5.2) it can be seen that these spectra are not the 
same. The peak at mass 26 is much higher than would be expected when only C2H6 would be 
produced. From this it can be concluded that there is also production of C2H2. lf the mass 
spectrum is studied in more detail by means of deconvolution, it can also be seen that there is 
production of C2H4. The mass spectrum on the left hand side of the figure shows that not all 
of the originally injected CH4 has been consumed by the plasma. 
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Figure 5.18: Mass speetrometry data of CH4 in the plasma of! and the plasma on situation. 

69 



When the infrared spectrum of CH4 (see Figure 5.19) in the plasma on situation is compared 
with the infrared spectrum of CH4 in the plasma off situation it can also be seen that C2H2 is 
produced in a CH4 plasma. The small amounts of CzH4 and CzH6 which are produced, can be 
observed by mass speetrometry but not in the infrared spectrum. 
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Figure 5.19: lnfrared spectra of CH4 for plasma on and plasma of! situation. The baseline 
has been shifted for the sake of clarity. 

In Figure 5.20 the virtual flows, as calculated from mass speetrometry data by deconvolution 
of C2H2, C2H4, and C2H6 in a CH4 plasma are shown as function of the precursor gas flow and 
are current. Also the C2H2 production obtained from FTIR spectroscopy data is shown. 
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Figure 5.20: The virtual flow of C2H2, C2H4 and C2H6 in a CH4 plasma as ealeulated from 
mass speetrometry measurements and the virtualflow of C2H2 in a CH4 plasma as ealeulated 
from FTIR speetroseopy measurements (top right) for different are eurrents. 

From this figure it can be seen that the production of C2H2 as calculated from mass 
speetrometry data and FfiR data show the same behaviour. The amount of C2H2 produced 
increases with increasing precursor flow, but it only increases up to a specific virtual C2H2 

flow, and is constant for higher CH4 precursor flows. The only difference between the mass 
speetrometry and FfiR results is that the absolute value of the virtual C2H2 flow is different 
by approximately a factor 4. This could be due to the two reasons mentioned earlier, either the 
average gas temperature is much higher than room temperature, either the C2H2 is primarily 
produced at the wall, in which the mass speetrometry extraction pinhole is located. 

According to the mass speetrometry data there is also production of C2H4, but this production 
is notpresent for low precursor gas flows (< 10 scc/s). This indicates that the production of 
C2H4 is not a first order process. The production of C2H6 starts at even higher flows 
(> 10 scc/s), which indicates that the production of C2H6 is an even higher order process (see 
also Figure 5.20). A possible explanation could be that C2H4 is produced from C2H2 by 
addition of hydragen and that C2H6 is produced by addition of hydragen to C2H4. 
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Figure 5.21: Production ojC2Hy in a CH4plasma in% ofthe injected CH4flow. 

In Figure 5.21 the relative production of C2Hy (y=2, 4, or 6) with respect to the injected CH4 
flow is given. From this figure it can be seen that the relative production of C2H2 starts to 
decrease at the same moment that C2H4 and C2H6 start to appear. This is an indication that 
C2H4 and C2H6 are produced from C2H2 by addition of hydrogen. A lot of hydrogen is 
available in the plasma, because at the production of one C2H2 molecule out of two CH4 
molecules six hydrogen atoms are created. These hydrogen atoms can be in the plasma either 
as atoms or as molecules (H2). Besides reacting with molecules in the gas phase, hydrogen 
may also stick to the wall and be implemented in the growing film. 

5.3.4 Production of CmHn in an Ar/CH4 plasma (m>2) 

In addition to the CmHn species with m=1 or m=2 found in a CH4 plasma also CmHn species 
with m>2 are found. This is illustrated by a mass speetrometry spectra which is shown in 
Figure 5.22. In this figure the peaks at mass 20 and mass 40 are due to the argon precursor gas 
in the plasma (Ar+ and Ar2+). The peaks at mass 18 and mass 36 are due to an isotope of 
argon. An overview of the position of the different carbon bands in the mass spectrum is 
shown in Table 5.2 (chapter 5.2.6). 
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Figure 5.22: Mass spectrum of CH4 in the plasma on (dashed) and the plasma off (solid) 
situation. 

From Figure 5.22 it can be seen that CmHn species are created in the CH4 plasma with m 
varying from 2 to 7. The band for m=3 can not be seen very clearly due to the peak:s of argon 
interlering with this band. The band of m=4 can beseen very clearly, but when the intensity of 
this band is compared to the intensity of the band at m= 1, it can be seen that the intensity is 
less by a factor of approximately 1000. For m=5 and up the intensity is even lower, so from 
this it can be concluded that the contribution to the depletion of CH4 by these species (m>3) is 
negligible. The cracking pattem for the species in the bands for m>3 are not known for the 
used mass spectrometer, so it is not possible to indicate which species with m>3 are actually 
created. Moreover the cracking pattems of species in these bands could not be obtained in 
another way, because these species were not available. 

When the polymerization in a CH4 plasma is compared with the polymerization in a C2H2 

plasma (chapter 5.2.6), it can be seen that polymerization in a C2H2 plasma mainly results in 
production of CmHn species with m even, whereas in a CH4 plasma species with both odd and 
even m are produced. This indicates that in a CH4 plasma the polymerization process is 
mainly due to actdition of carbon species which have one carbon atom, e.g. CH2• W ould a 
carbon species with two carbon atoms be the dominant polymerization species, then the 
species with odd m should have been dominant. 

5.3.5 Deposition in an Ar/CH4 plasma 

In Figure 5.23 the film deposition rate for an Ar/CH4 plasma is shown as function of the 
precursor gas flow at an are current of 57.1 A. This growth rate has been determined by in situ 
ellipsometry. When the growth rate shown in Figure 5.23 is compared to the growth rate of 
C2H2 (see Figure 5.14) two differences can be seen. First, for C2Hz the film deposition rate is 

73 



increasing with increasing precursor gas flow, whereas the film deposition rate for CH4 is 
decreasing with increasing precursor gas flow. Second, the film deposition rate for C2H2 is 
much higher than the film deposition rate for CH4 at comparable precursor gas flows. 
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Figure 5.23: Deposition rate and the consumed C flow as function of the CH4 precursor flow 
in a CH4 plasma at 57.1 A (equation (5.16)) 

Just as in the case of C2H2 film growth rate is assumed to be proportional to the carbon 
consumption in the plasma. The consumed carbon flow as function of the precursor gas flow 
has for this reason also been plotted in Figure 5.23. In the case of C2H2 this consumed carbon 
flow was taken to be two times the consumed C2H2 flow (equation (5.15)), neglecting the 
effect of polymerization. For a CH4 plasma however the consumed carbon flow is not equal to 
the consumed CH4 flow, because there is polymerization. So to calculate the consumed carbon 
flow, the consumed CH4 has to be corrected for the produced polymers. The consumed carbon 
flow is thus given by 

(5.16) 

where D is the depletion as calculated from the Fourier transfarm infrared spectroscopy 
(FTIR) measurements or mass speetrometry measurements and i/Je H is the virtual C2Hn flow. 

2 n 

Higher carbon polymers are not included, because the contribution of these polymers can be 
neglected as has been shown in chapter 5.3.4. 

When the film growth rate and the consumed carbon flow are compared, it can be seen that 
the film growth rate and the consumed carbon flow do not show the same behaviour. This 
may have different reasons. First in a CH4 plasma the amount of hydrogen in the vessel is 
much larger than in a C2H2 plasma. The hydrogen could etch the film while it is being 
deposited, so more hydrogen will lead to more etching and a lower deposition rate. However 
the etched products would be detected by mass speetrometry and infrared spectroscopy. A 
second reason may be a low sticking probability of the radicals in a CH4 plasma in 
comparison to the sticking probability of the radicals in a C2H2 plasma, due to which the CH4 
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plasma radicals will not only stick to the substrate but also to the walls, because the radicals 
are reflected by the substrate. Observation of the vessel can support this conjecture, because in 
the case of a CH4 plasma deposition is taking place on the windows which are at the level of 
the injection ring, whereas in the case of a C2H2 plasma this does not happen. 

5.3.6 Radial Profile6 

As discussed before, the data obtained with FfiR spectroscopy is actually a convolution of all 
particles in the infrared beam. Because most probably the temperature and density of these 
particles will not be homogeneously distributed over the optical path, the data obtained should 
be corrected for this. However, the local density and the temperature distribution are not 
known. To get an idea of the temperature and density distribution FfiR measurements have 
been done at different radial positions with regards to the expanding plasma beam. These 
measurements have been performed on both a CH4 plasma and a C2H2 plasma. 
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Figure 5.24: Depletion of CH4 as function of the radial position ( FTIR spectroscopy ). 

In Figure 5.24. the depletion, as calculated from FfiR spectroscopy, of CH4 has been plotted 
as function of the radial position7

• The center of the plasma in Figure 5.24 is located at 
approximately a radial position equal to 0.5 cm. From the figure it can be seen that the 
calculated depletion becomes slightly smaller to the outside of the plasma. This may have two 
reasons. 

First of all the lower calculated depletion on the outside of the plasma compared to the center 
of the plasma can be due to a difference in temperature between the center and the outside of 
the plasma. When the CH4 plasma density is assumed to be constant, the resulting depletion 

6 What is called radial in this chapter should actually be called lateraL 
7 Because the data is actually a projection of a 3 dimensional object onto one dimension (the radial position) it 
would have been more correct to perform an Abel inversion of the calculated data. Because the plasma is 
cylinder symmetrical, Abel inversion will not change the shape of the input data, only the relative value. Thus it 
is not necessary to performAbel inversion as long as no quantitative conclusions are drawn. 
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should be constant. However when the temperature of the plasma is higher in the center than 
on the outside, the absorption will be smaller in the center than on the outside of the plasma. 
This temperature profile is very plausible because the electron temperature also shows such a 
profile[Gie961

• The assumed temperature profile results in a seemingly higher depletion in the 
center of the plasma compared to the depletion on the outside of the plasma. This is illustrated 
in Figure 5.25b, where all profiles arebasedon Gaussian profiles. 

Secondly the lower calculated depletion on the outside of the plasma compared to the center 
of the plasma may indicate that the consumption of CH4 in the center of the plasma is higher 
than on the outside of the plasma, which does not sound impossible either. A higher local 
consumption of the precursor gas will lead to higher value for the local depletion (see Figure 
5.25a), which is also the case in reality (see Figure 5.24) 

The question remains, which of the two reasons given above for the lower calculated 
depletion on the outside of the plasma compared to the center of the plasma is the correct one. 
Most probably the truth lies somewhere in between: not only is the temperature in the center 
of the plasma higher than on the outside of the plasma but the consumption of the precursor 
gas is higher in the center of the plasma than on the outside of the plasma as well. (see Figure 
5.25c,d,e,f) 

In Figure 5.26 the depletion of C2H2 as function of the radial position is plotted. In this figure 
it can be seen, just as in the case of CH4, that the depletion is slightly lower on the outside of 
the plasma in comparison to the center of the plasma. So, for the radial profile of CzHz the 
same arguments may hold as for the radial profile of the CH4. 
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Figure 5.25: Overview of the radial absorption intensity for different temperature and density 
profiles (all in arbitrary units); aT and an indicate the width of the temperafure and density 
profile respectively. Absorption is assumed to be proportionaf to the density and to T 312

. 

In a CH4 plasma there is also production of C2H2. The production of this species as function 
of the radial position has been plotted in Figure 5.27. From this figure it can be seen that the 
virtual production of C2H2 has a minimum at a radial position equal to 2 cm. This minimum 
could be explained by a density and temperature distribution as demonstrated in Figure 5.25f. 
Such a density distribution might be obtained in the plasma when C2H2 is produced in the 
center of the plasma and at the vessel wall (radial position = 5 in Figure 5.25t). Another 
solution could be the production of C2H2 at the vessel wall with a Gaussian plasma 
temperature distribution which is not around the center of the plasma, but around an off axis 
position (radial position =F 0). 
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Figure 5.26: Depletion of C2H2 as function of the radial position ( FTIR spectroscopy ). 
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Figure 5.27: The production of C2H2 in a CH4 plasma as function of the radial position as 
calculated from FTIR spectroscopy measurements. 

From the measurements done it is not possible to say whether the C2H2 in an Ar/CH4 plasma 
is produced in the plasma or at the vessel walls. As has been shown in this chapter, there may 
be several different temperature and density profiles which fit to the data that has been 
obtained. Some of them are however more plausible than others. 
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5.4 Argon/Ethylene Plasmas (Ar/C2H4) 

5.4.1 Depletion of C21Lt 

In Figure 5.28 the depletion of the C2H4 is given as function of the precursor gas flow for four 
different are currents (89.3 A, 57.1 A, 37.5 A and 24.6 A) for both the gas phase FTIR 
spectroscopy and mass speetrometry measurements. Justas in the case of C2H2 and CH4, the 
mass speetrometry spectra had to be deconvoluted before the depletion could be calculated. 
To derive the depletion from the infrared spectra the absorption peak at 948 cm-1 has been 
used. 
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Figure 5.28: Depletion of C2H4 as function of the C2H4 precursor flow at different are 
currents, obtained from FTIR spectroscopy data (left) and from mass speetrometry data 
(right). 

In Figure 5.28 it can be seen that, justas in the case of CH4 and C2H2, the depletion increases 
with increasing are current and/or decreasing precursor flow. In the FTIR spectroscopy part of 
this figure it can be seen, just as in the C2H2 case, that it is possible to obtain a depletion of 1. 
As before, the depletion according to FTIR data is not the same as the depletion according to 
mass speetrometry data. This may be due to the same reasons as explained in paragraph 5.2.1. 

The big difference in the depletions for low precursor gas flows ( <5 scc/s) is mainly due to the 
detection limit of the Fourier transfarm spectrascope and the fact that C2H4 has its main peak 
at mass 28 in the mass spectrum, which is also the same mass as nitrogen (N2). For low 
precursor gas flows, a small change in nitrogen pollution in the reactor vessel may cause big 
changes in the calculated depletion calculated from mass speetrometry data. Therefore it is 
better to compare the virtual C2H4 flow derived from infrared speetrometry and virtual C2H4 

flow derived from mass speetrometry shown in Figure 5.29. From this figure it can be seen 
that the infrared spectrascope and the mass spectrometer are comparable apart from a sealing 
factor. 
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Figure 5.29: Measured virtual flows of C2H4 as function of the C2H4 precursor flow for 
different are currents, obtained from FTIR spectroscopy data (left) and from mass 
speetrometry data (right). 

5.4.2 Production of CmHn in an Ar/CzH4 plasma 

In Figure 5.30 mass spectra of C2H4 are shown for the situation in which the plasma is on 
(dashed line) and for the situation in which the plasma is off (solid line). From this figure it 
can be seen that the mass spectrum at masses 27 to 30 for the plasma on situation is similar to 
the mass spectrum for the plasma off situation. The detector current at mass 26 is much higher 
than expected if only CzH4 would have been present. This indicates that there is creation of 
C2H2 in the plasma. The production of CzH2 can also be seen in the infrared spectrum (see 
Figure 5.31). 

In Figure 5.32 the virtual flowsof CH4 , C2H2 and C2H6, as calculated from mass speetrometry 
measurements, in a C2H4 plasma are shown as a function of the C2H4 precursor flow and are 
current. Also the virtual C2H2 flow as calculated from FTIR measurements is shown. 
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Figure 5.32: The virtual flow of CH4, C2H2 and C2H6 in a C2H4 plasma as calculated from 
mass speetrometry measurements and the virtual flow of C2H2 in a C2H4 plasma as calculated 
from FTIR spectroscopy (bottom right) measurements for different are currents. 

From this figure it can be seen that there is no production of CH4 and C2H6 which could be 
detected. The single data point not equal to zero for the production of CH4 is non significant. 
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There is only production of C2H2. The production of C2H2 is taking place at any C2H4 
precursor flow and are current, but the production reaches a maximum at a certain C2H4 flow 
depending on the are current used. This behaviour is very similar to the production of C2H2 in 
a CH4 plasma. 

When the C2H2 production as calculated from the mass speetrometry data is compared with 
the C2H2 production as calculated from the FfiR data, it can be seen that both results show 
the same behaviour. Only the absolute value of the virtual flow is different. Again, as in the 
CH4 and C2H2 case, this difference could be explained by the fact that FfiR spectroscopy is 
sensitive for temperature changes, whereas mass speetrometry measurements are not sensitive 
to temperature changes or by the fact that at infrared absorption all particles in the infrared 
beam are sampled, whereas in mass speetrometry measurements only the particles at the wall 
are sampled. 
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5.5 Argon/Ethane Plasmas (Ar/C2H6) 

5.5.1 Depletion of C2H6 

In Figure 5.33 the depletion of the C2H6 is given as function of the precursor gas flow for four 
different are currents (89.3 A, 57.1 A, 37.5 A and 24.6 A) for both the FTIR spectroscopy and 
mass speetrometry measurements. Just as in the case of C2H2, CH4, and C2H4 the mass 
speetrometry spectra had to be deconvoluted before the depletion could be calculated. To 
derive the depletion from the infrared spectra the absorption peak at 2954 cm-1 has been used. 
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Figure 5.33: Depletion of CzH6 as function of the CzH6 precursor flow and are current, 
obtainedfrom FTIR spectroscopy data (left) andfrom mass speetrometry data (right). 

In this figure it can be seen that just as in the case of CH4 , C2H2, and C2H4 the depletion 
increases with increasing are current and/or decreasing precursor flow. In the FTIR 
spectroscopy part of this figure it can be seen that it is possible, just as in the case of C2H2 and 
C2H4, to get a depletion of 1. The fact that the depletion according to FTIR spectroscopy data 
is not the same as the depletion according to mass speetrometry data may again be due to the 
reasons explained in paragraph 5.2.1. 

The lower values for the depletion at low flows (<10 scc/s) compared to the values of the 
depletion for higher flows as calculated from mass speetrometry is most likely due to the error 
in mass speetrometry signal. Just as in the case of C2H4 the most dominant peak in the mass 
spectrum of C2H6 is at mass 28, which is also the mass of nitrogen (N2). A small amount of 
nitrogen pollution may lead to relatively large errors (50 %) in the calculated virtual flow from 
mass speetrometry data. lt is therefore better to compare the virtual C2H6 flow derived from 
infrared spectroscopy and the virtual C2H6 flow derived from mass speetrometry shown in 
Figure 5.34. From this figure it can be seen that the infrared spectrascope and the mass 
spectrometer are comparable apart from a sealing factor. The infrared absorption spectroscopy 
data has a large error (±2.5 scc/s), because the absorption intensity of C2H6 is lower by a 
factor of 4 in comparison to C2H2. 
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Figure 5.34: Measured virtual flows of CzH6 as function of the CzH6 precursor flow for 
different are currents, obtained from FTIR spectroscopy data (left) and from mass 
speetrometry data (right). 

5.5.2 Production of CnHm in an Ar/C2H6 plasma 

In Figure 5.35 mass spectra of C2H6 are shown for the situation in which the plasma is on 
(dashed line) and for the situation in which the plasma is off (solid line). From this figure it 
can be seen that the mass spectrum at mass 16 is increasing more than an order of magnitude, 
which indicates that there is production of CH4 in the plasma. The increase of mass 26 
indicates that there is production of C2H2. When the mass spectrum is studied in more detail it 
can also be seen that there is production of C2H4. The production of C2H2 and C2H4 can also 
beseen in the infrared spectrum (see Figure 5.36). 
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Figure 5.35: Mass speetrometry data of C2H6 in the plasma of! and the plasma on situation. 

In Figure 5.37 the virtual flows, as calculated by deconvolution of the mass speetrometry data, 
are shown as function of the C2H6 precursor flow and are current. The virtual flow of C2H2, as 
calculated from FTIR measurements is also shown. 
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In this figure it can be seen that in a CzH6 plasma CH4, CzHz, and C2H4 are being produced. 
The production of CzHz is already occurring at a low precursor gas flow (<5 scc/s) whereas 
the production of CH4 and CzH4 does only take place for higher precursor gas flows 
(>5 scc/s). This indicates that CzHz is produced in a first order process, whereas C2~ and 
CH4 are produced by a higher order process, e.g. hydrogenation of C2H2 or hydrogenation of 
the dissociation products of CzH6 (CHz, CH3, etc.) respectively. lt could also be that the 
production of C2H4 and CH4 is a process which has a lower reaction rate coefficient than the 
production of CzHz. In chapter 6.5 it will be shown that the production of C2H2 is indeed a 
first order process. 
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5.6 Comparison of the foor different hydrocarbon gases 

When the four different precursor gases (CH4, C2H2, C2H4 and C2H6) are compared, it can 
easily be seen that the dependenee of the gases on the precursor gas flow is the same for all 
four gases. The depletion increases with increasing are current and/or decreasing precursor gas 
flow. This is exactly as expected: the depletion is increasing with an increasing ratio of argon 
i ons to precursor gas flow. This ratio increases when the precursor gas flow decreases or when 
the argon ion flux from the are increases, which is the case when the are current increases. 

Another thing that can be seen from comparison of the four different precursor gases is that 
only for CH4 as a precursor gas it is not possible to obtain a depletion of 1 or very close to 1 
(>0.95), whereas for the other three precursor gases this is possible. From this it can be 
concluded that CH4 has a different interaction process with the plasma from the are than the 
C2Hy molecules. It could be that on an energetically basis the dissociation of CH4 is much 
more difficult than the dissociation of C2Hy, or that it is much easier to recreate CH4 from its 
reaction products, than is the case for C2Hy. The first argument is not very likely, because 
dissociation of CH4 into CH3 and H costs 3.73 eV, whereas dissociation of C2H2 into C2H and 
H costs 5.77 eV[Han951 

This second argument also seems more logica!, because dissociation of C2Hy could lead to 
particles containing only one carbon atom (C, CH, CH2 and CH3) or two carbon atoms (C2, 
C2H, C2H3 and C2H5), whereas dissociation of CH4 can only lead to particles containing one 
carbon atom (C, CH, CH2 and CH3). For recreation of CH4 from these one carbon atom 
particles, these one carbon atom particles only have to react with a hydrogen atom or 
molecule. There is no or little production of CH4 in a C2Hy plasma, which indicates that the 
C2Hy molecules will most probably dissociate in radicals containing two carbon atoms. To get 
a low recreation rate for C2Hy molecules, the formed radicals in a C2Hy plasma should have a 
higher sticking probability than the radicals formed in a CH4 plasma, so that the radicals 
formed in a C2Hy have a short lifetime, because they will stick to the wall. However the 
radicals formed in a CH4 plasma will have a lifetime long enough to react with hydrogen 
atoms or hydrogen molecules to form CH4 again. This difference in sticking probability has 
also been observed by Perrin[Per981 and will be discussed in more detail in chapter 6.3. 

In CH4, C2H4, and C2H6 plasmas, C2H2 is produced as the main monomer apart from the 
precursor gas. This is strange when the individual molecules are considered on an energetic 
basis. On an energetic basis CH4 and C2H4 would be preferably produced above C2H2 (see 
paragraph 5.2.5). So the fact that C2H2 is produced, is purely basedon the plasma chemistry. 
This will be shown in the next chapter. 

When the polymerization behaviour of CH4 and C2H2 is compared, it can be seen that in CH4 
plasma polymerization in CH4 is a much more effective process than in a C2H2 plasma. In a 
C2H2 plasma less than 4 % of the injected precursor gas flow is used for polymerization, while 
fora C~ plasma values of up to 40% have been registered (see paragraph 5.3.3). Another 
difference between the polymerization in a CH4 plasma and polymerization in a C2H2 is that 
C2H2 polymerizes preferentially into molecules containing an even number of carbon atoms, 
while CH4 polymerizes into molecules which do not have any preferenee for an even or odd 
number of carbon atoms. This is another indication that in a C2H2 plasma mainly two-carbon 
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radicals will be present (e.g. C2H), whereas for CH4 the polymerization will mainly occur due 
to ene-carbon radicals and not due to the radicals formed in the dissociation of the produced 
C2H2 (recirculation). 

From comparison of the film growth rates of a CH4 plasma and a C2H2 plasma it can be seen 
that in the case of C2H2 the film growth rate is 2 to 5 times larger than the film growth rate of 
CH4 for comparable precursor gas flow. This is most probably due to a lower sticking 
probability of the radicals formed in a CH4 plasma in comparison to the radicals formed in a 
C2H2 plasma. Another difference between the film growth rates of a CH4 plasma and a C2H2 
plasma, is that the film growth rate in a C2H2 plasma is increasing with increasing precursor 
gas flow and is proportional to the consumed carbon flow, whereas the film growth rate in a 
CH4 plasma is decreasing with increasing growth rate and is not proportional to the consumed 
carbon flow. The difference in sticking probability could be the ca u se for this. 
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6. Reactions in an Ar/CxHy plasma 

6.1 Introduetion 

To get an impression what kind of reactions are taking place inside the plasma, in this chapter 
possible reaction mechanisms will be discussed. This discussion is based on the 
measurements shown in the previous chapter and will probably not be complete. The 
discussion is meant as an indication only of which reactions may be possible based on data 
found in literature. 

For all used precursor gases it is assumed that the first step in the dissociation process is given 
by a charge exchange reaction, which is foliowed by a dissociative recombination reaction, 
where an electron will react with the ion previously formed in the charge exchange reaction. 
Thermal dissociation seems not very likely, because heating happens due to collisions with 
electrons and the electron temperature is approximately 0.3 e yrsan931

• For the four different 
precursor gases used the possible reactions will be given, as well as the reaction rate 
coefficients (k) of the reactions of which these are known. 

The reaction probability is dependent on the reaction rate coefficient and the densities (n) of 
the particles involved in the reaction. So only consiclering the reaction rate coefficient does 
not give a good indication of how important the reaction will be. lt is better to look at the 
reaction time ( 't" reac ), which is given by 

1 
'f reac = nk (7.1) 

The reaction time is an indication of how much time is needed to lose all the particles of a 
certain type and n is the partiele density of the particles with which the particles that are lost 
react. For calculations of the reaction time it has been assumed that the given partiele densities 
are uniform in the plasma, which is not the case in reality. However, the values can be used to 
make a comparison between different reaction mechanisms. The value of the reaction time 
will only be given for the analysis of the Ar/C2H2 plasma. 

The charge exchange reaction between acetylene and argon ions will result in acetylene 
ions[Mai651 • Typical densities for Ar+ and C2H2 will be ofthe order 1019 m-3

• 

r""' 1 ms (a.l) 

This reaction will be foliowed by dissociative recombination of the acetylene ion and an 
electron[Zan9S,Mu1801 • The electron density is typically ofthe order 1018-1019 m-3

• 
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* * ~ezH +H 
~eH* +eH* 
~ ez* +Hz 

* * ~eHz +e 

r = 5-50 Jls (a.2) 

The reaction time of the first reaction is much larger than the reaction time of the second 
reaction, so that the total reaction time for dissociation of e 2H2 will be of the order of the first 
reaction time. 

Optical emission spectroscopy from H-lines, in an argon/acetylene plasma, revealed that the 
production of ezH* is at least 40 times higher than of eH* and that the other two dissociative 
channels are negligible[Zan951

• So it is reasonable to assume that the only hydracarbon species 
present in the plasma are e 2H radicals and e 2H2 molecules. Besides these hydracarbon 
species also argon atoms, hydrogen radicals, and hydrogen molecules will be present in the 
plasma. 

The e 2H radical may stick to the wall with a sticking probability ({J) larger than 0.05 as shown 
in paragraph 5.2.1. 

e 2H + surface ~ film (a.3) 

or may react at the wall or in the gas phase. In the case of deposition the reaction time is equal 
to the loss time for loss of particles to the wall. The particles from the are have a velocity of 
the order 103 rn/s[San941 and have to travel a distance of 0.6 m to reach the substrate, so the time 
to get to the substrate is 0.6 ms. lf the sticking probability is assumed to be equal to 0.1 then 
this would leadtoa 1/e time for the ezH density of 6 ms (deposition time) if only this channel 
would be available for loss of e 2H radicals. 

As has been shown in chapter 5.2.6 most probably e 4H2 and e6H2 are produced in the plasma. 
These species could be produced by one of the following gas phase reactions[Doy971 

r= 25 ms (a.4) 

r= 80 ms (a.S) 

Here r indicates the loss time of the ezH radicals. The e 2H2 density is assumed to be of the 
order 1018 m-3 (Depletion = 90 %). This will result in a e 4H2 density which is 6/25 of the 
e 2H2 density (of the order 2.5·1017 m-3

) and a the density of e 6H2 which is much smaller 
(6/80) than the density of e 4H2. For the shown situation of 90% depletion the reaction times 
are more than 4 times higher than the deposition time, from which it can be concluded that for 
this case polymerization will not be dominant in the plasma. However when the depletion 
decreases, the e 2H2 density increases and thus the reaction times decrease and the lossof ezH 
by polymerization will become more important. 
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Another possible gas phase reaction to create C4H2 in a C2H2 plasma may be a 3-body 
recombination reaction 

(a.6) 

This reaction however does not seem very probable, because a third partiele is necessary and 
the reaction rate coefficients for 3-body recombination reactions are in general very low 
(<10-40 m6/s). A density of the order 1021 m-3 is needed to obtain areaction time of the order 
of the deposition time. This density is much higher than the general partiele densities 
( -1019 m·3

) and thus it can be concluded that this reaction will not occur. 

In the gas phase the C2H radical could also react with the hydragen molecules created in the 
plasma. 

T>2s (a.7) 

Assuming that all the atomie hydragen created at the dissociation of C2H2 is transformed into 
H2 and that C2H is the dominant dissociation product, the molecular hydragen density will 
be 0.5 times the consumed C2H2 density. In the case of 90% depletion this will result in an H2 
density of the order 4·1 018 m-3

. The reaction time of this reaction is large in comparison to the 
deposition times of 6 ms and thus is can be concluded that this reaction does not occur. For 
lower values of the depletion, the production of H2 would decrease and thus the reaction time 
of this reaction will become higher and the reaction will even become less probable. 

In a C2H2 plasma also production of C2H4 has been observed. A reaction mechanism in the 
gas phase does not seem possible, because the reaction of C2H2 with atomie hydrogen will 
result in the production of C2H radicals[TacS4l 

'l'"" 27 s (a.8) 

Assume that all the atomie hydragen created at the dissociation of C2H2, does not recombine 
into molecular hydrogen, then the atomie hydragen density will be equal consumed C2H2 

density. In the case of 90% depletion this will result in an H density of the order 8·1019 m-3
• 

The reaction time of this reaction is very large in comparison to the deposition times of 6 ms 
and thus it can be concluded that this reaction does not occur. Just as in the case of reaction 
(a.7) for lower values of the depletion, the production of atomie hydragen will decrease and 
thus the reaction time of this reaction will become higher and the reaction will become less 
probable. 

So the only mechanism to produce C2H4 in a C2H2 plasma is by means of wall reactions either 
by actdition of hydragen from the wall to C2H2 or by hydragen etching of the deposited film 

C2H2 +film 
C2H +film 
H +film 

(a.9) 

The reaction rate coefficients of these reactions are not known, so no condusion can be drawn 
on which of these reactions will be dominant. 

91 



6.3 Ar/CH4 plasma 

The charge exchange reaction between methane and argon ions will result in two different 
ions[Wya75J. 

---7 Ar + CH4 + 
---7 Ar+ CH3+ + H 
---7 Ar+ CH2+ + H2 

k = 1·10-16 m3/s 
k:::: w-IS m3/s 

k = 3·10-16 m3/s 

The dissociative recombination reactions for CH4 + are given by 

CH4+ + e-

The dissociative recombination reactions for CH3 + are given by 

The dissociative recombination reactions for CH2+ are given by 

(b.l) 

(b.2) 

(b.3) 

(b.4) 

In the charge exchange reaction most (± 70 %) of the CH4 is transformed into CH3 + and thus it 
may be said that the main hydracarbon radicals in the plasma will be CH2 and CH. Besides 
these radicals also atomie and molecular hydragen will be present. 

The CHx radical may stick to the wall 

CHx + surface ---7 film 0.001 [Gog95]<,8cH <0.01 [Per98]; .BcH =0.028[Gog95] 
3 2 

(b.S) 

or may react at the wall or in the gas phase. In chapter 5.3.3 it has been shown that in a CH4 
plasma C2H2, C2H4, and C2H6 is produced. The production of C2H2 is most likely given by the 
following reaction mechanism[TacS4J 

(b.6) 

The production of C2H4 may occur in the gas phase of the plasma by a reaction between CH2 
and CH3 or by areaction between CH and CH4[Dag961 

(b.7) 

CH+CH4 (b.S) 
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The first reaction will however not occur at a high rate, because the density of CH3 will be 
small. From the argon induced dissociation steps, less that 10 % of the radicals produced are 
CH3 radicals, whereas more than 50 % of the radicals will be CH2 radicals. However there is a 
reaction mechanism in which CH3 is produced from CH2 and CH4[TacS

4J 

k""' 1.7·10-17 m3/s 
k""' 1·109 s-1 

(b.9) 
(b.lO) 

This reaction could lead to enough CH3, so that the production of C2H4 from CH2 and CH3 
can occur. Another way to produce CzH4 in a C~ plasma is by a 3-body recombination 
reaction mechanism. 

(b.ll) 

Just as in the case of C2H2 this reaction is highly improbable, because it is a 3-body 
recombination reaction. The reaction could however occur at the wall 

CzHz + film -7 C2H4 
CH2 + film -7 CzH4 
CH + film -7 CzH4 
H +film 

(b.12) 

The reaction rates of these reactions are not known, so no condusion can be drawn on which 
of these reactions will be dominant. 

In a CH4 plasma also C2H6 is produced. This can only be produced in the gas phase by a 
highly improbable 3-body recombination reaction 

More probably C2H6 will be formed by a wall reaction 

C2H4 +film 
CH3 +film 
H +film 

The reaction rates for these reactions are however not known. 

(b.l3) 

(b.14) 

In a C~ plasma also CxHy molecules are produced with x>2. A possible gas phase reaction 
mechanism could be 

(b.15) 

where CxHy can only be a radical and not a molecule. 
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The charge exchange reaction between ethylene and argon ions will result in two different 
ionsof which one is an acetylene ion[Sza65· Lin?2J. 

--7 Ar + C2H3 + + H 
--7 Ar+ C2H2+ + H2 

k""" 5.1·10-15 m3/s 
k""" 1.2·10-15 m3/s 

The dissociative recombination reactions for C2H3 + are given by 

* * --7 C2H2 +H 
* * -?C2H +2H 

--7 CH2* + CH* 

The dissociative recombination reactions for C2Ht are given by reaction (a.2) 

(c.l) 

(c.2) 

From the measurements on a C2H4 plasma it can be seen that there is a large production of 
C2H2. Foranare current of 89.3 A the production of C2H2 is approximately equal to 30% of 
the precursor gas flow (see chapter 5.4.2). This production of C2H2 can be explained by 
looking at the dissociative recombination reaction of C2H3 +, where it can be seen that C2H2 is 
produced directly from this ion. Besides the production of C2H2, also C2H and CH2 radicals 
will be produced by this dissociative recombination reaction, of which the C2H radical 
production will most probably be dominant[Zan951. The dissociative recombination reaction of 
C2H2 + will mainly result in the production of C2H radicals, so it can be concluded that a C2H4 
plasma will consist mainly of C2H4, C2H2, and H2 molecules, and C2H and H radicals. 

The main radical C2H in a C2H4 plasma is the same as the main radical in a C2H2 plasma, so it 
could be expected that the deposited films in a C2H4 plasma are similar to the deposited films 
in a C2H2 plasma. This will however not be the case, because in a C2H4 plasma much more 
hydrogen will be available in the plasma than in a C2H2 plasma. This hydrogen will be 
implemented in the film and will thus lead to a film that is less hard and has a lower refractive 
index[Aer9?J. 

The reactions for the C2H2 molecules and the C2H radicals produced in the plasma will 
behave the same as the C2H2 plasma, however additional reactions with C2H4 and the other 
particles in the plasma will occur. According to Tachibana et al. [Tac

841 a reaction between C2H4 
and hydrogen radicals does not seem very probable because of the very low reaction rate 
coefficient 

(c.3) 

The only other gas phase reaction with C2H4 which could take place is a polymerization 
reaction with C2H, because a reaction between C2H2 and C2H4 seems very unlikely (reaction 
between two molecules). 

(c.4) 
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This reaction has not been reported in literature, but when the created C4H4 is produced in a 
vibrationally excited state it is unstable and will dissociate[Sch?SJ 

(c.S) 

This would lead to extra production of CzHz. 

The charge exchange reaction between ethane and argon ions will result in four different 
ions[Lin?2J. 

~ CzHs+ +H 
~ CzH4+ +Hz 
~ CzH3 + + Hz + H 
~ CzHz+ + 2 Hz 

(::::: 5%) 

(:== 30 %) 
(z 40 %) 
(z 25 %) 

(d.l) 

Forthese reaction the reaction rate coefficient is not known, only the relative abundances. 

The dissociative recombination reactions for CzH4 + are given by 

~ CzH3* + H* 
~ CHz* + CHz* 

(d.2) 

For these reactions the reaction rate coefficient is also not known, but probably the reaction 
rate will be of the same order as for all the other electron recombination rates 
(k"" 2·10 13 m3/s). 

The dissociative recombination reaction for CzHz + and CzH3 + is given by reaction (a.2) and 
reaction (c.2) respectively. The dissociative recombination reaction for CzHs + can be 
neglected because the production of CzHs+ from a charge exchange of Ar+ with CzH6 is low. 
From a study of the dissociative recombination reactions it may be concluded that a CzH6 
plasma will, besides atomie and molecular hydrogen, mainly consist of CzH6 and CzHz 
molecules, and CzH, CzH3, and CHz radicals. 

In a CzH6 plasma, CzHz, CzH4, and CH4 is produced. The CzHz can be explained by the direct 
production at the dissociative recombination of CzHt (see reaction (c.2)) Also the reaction of 
CzH3 and atomie hydrogen will contribute to the production of CzHz[Tac841 

(d.3) 

The production of CzH4 may be due to a reaction of CzH3 at the wall 

(d.4) 

95 



The production of CH4 will most probably be due to actdition of hydrogen to a CH2 radical at 
the wall 

CH2 +film (d.S) 

Under the assumption that CH4 and C2H4 are produced at the wall, the fact that the production 
of CH4 is smaller than the production of C2H4 by a factor of 3 (see chapter 5.5.2) indicates 
that in the dissociative recombination reaction of CzH4 + the production of C2H3 will be higher 
than the production of CH2. 
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7. General Conclusions 
Conclusions concerning the Fourier transferm infrared spectroscopy setup and the mass 
spectrometer setup: 

• The data obtained with mass speetrometry and Fourier transferm speetrometry are 
consistent. 

• The data obtained with the mass spectrometer contains information on the particles close 
to the gas extraction position (background), whereas the data obtained with the Fourier 
transferm spectroscopy setup contains information on the particles close to the reactor 
vessel wall, as well as in the center of the plasma. 

• The partiele density detection limit of the mass spectrometer is smaller by a factor > 10 
than the partiele density detection limit of the Fourier transferm infrared spectroscopy 
setup. 

• In infrared spectroscopy different CxHy particles can be distinguished easily, because the 
absorption is occurring at different positions, whereas with mass speetrometry these 
particles can not be distinguished that easily, because particles with the same x will give 
peaks at the same position in the mass spectrum. So for mass speetrometry data it is 
necessary to deconvolute the mass spectra. For this however the mass spectrometer has to 
be calibrated and thus when only a qualitative result is desired, infrared absorption 
spectroscopy is a much faster method. 

Recommendations concerning the Fourier transferm infrared spectroscopy setup and the mass 
spectrometer setup: 

• To decrease the partiele density detection limit of the Fourier transferm infrared 
spectroscopy setup, the signal to noise ratio of the measured spectrum has to be increased. 
To increase the signal to noise ratio it is necessary to increase the intensity which is 
detected by the infrared detector. This can be done in four ways. 
1. Reduce the di stance of the Fourier transferm speetroscape to the plasma reactor vessel. 

This will reduce the effect of the divergence of the light beam. 
2. Increasing the intensity of the infrared light that passes through the plasma. 

• Use the cascaded are as a light source. Other windows for the are are needed which 
can resist pressures up to 6 bar. Also another power supply, which generates more 
power, is needed to generate more infrared light. Using the are will also reduce the 
effect of the divergence of the light beam mentioned at 1. 

3. Increasing the detector sensitivity. 
• replace the detector by the more sensitive MCT D318 detector. 

4. Improving the focusing of the infrared light beam onto the detector. 
• Replace the lens by a system of mirrors, so that chromatic aberration does not 

occur anymore. 
• replace the spherical mirror by an off-axis parabolic mirror for better imaging[Ali961

. 

• Time resolved measurements to investigate the ignition of the plasma by means of the 
rapid scan option available in the software. 

• Replace the KBr windows by windows which are less or not hygroscopic, or apply a 
coating which reduces the deteriorating influence of water on the windows. 
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• Build a box around the setup which can be purged with nitrogen, so that the infrared 
absorption of water and carbondioxide can be minimized. This is mainly important when 
lines within the water or carbondioxide absorption bands are going to be studied. 

• Extend the mass spectrometer with a small tube that reaches to the center of the plasma, so 
that it will be possible to sample the gas in the center of the plasma or even better to 
perform a radial scan. This will not be easy, but it should be investigated to see if it is 
possible. 

Conclusions concerning Fourier transfarm spectroscopy and mass speetrometry on an 
expanding Ar/C2H2 plasma: 

• One Ar+ ion will only dissociate one C2H2 molecule. 
• Under certain conditions it is possible to fully dissociate the injected C2H2 precursor gas 

which according to Gielen[Gie961
, would indicate that the sticking probability of the C2H 

radical is higher than 0.05. 
• The film deposition rate is proportional to the consumed C2H2 precursor gas flow. 
• Less than 4 % of the precursor gas is used for polymerization and thus polymerization is 

of minor importance. 
• The infrared absorption spectrum can be simulated very well. With this simulation it is 

possible to fit the temperature of the C2H2 molecules accurately within 100 K. 
• The temperature of the plasma is independent of the C2H2 precursor gas flow. 
• The remaining C2H2 after dissociation is located in the background and not in the plasma 

beam. This is derived from the fact that the average temperature in the plasma is 
decreasing with increasing are current and thus with increasing power input in the plasma. 

• In an Ar/C2H2 plasma CnHm polymers are formed with preferably an even value for n and 
a value of m equal to 2, which indicates that the C2H radical is dominant in the plasma. 
This is in agreement with the statement of Gielen[Gie96

l. 

Recommendations concerning Fourier transfarm spectroscopy and mass speetrometry on an 
expanding Ar/C2H2 plasma: 

• Repeat the C2H2 + H2 measurements for conditions at which the production of C2H4 can 
be seen in the infrared spectrum, so that the increase in the production of C2H4 can be 
measured straightforward, without the problem of deconvolution of the mass spectra. 

• A study of the higher polymers (CroHn with m>2) as function of the precursor gas flow and 
are current. 

Conclusions concerning Fourier transfarm spectroscopy and mass speetrometry on an 
expanding Ar/CH4 plasma: 

• In an Ar/CH4 plasma CnHm polymers are formed with no preferenee for an even or odd 
value for n, which indicates that the most dominant radicals in the plasma will only have 
one carbon atom. C2H2 is the most dominant polymer. 

• For certain conditions up to 40 % of the precursor gas is used for polymerization and thus 
polymerization is not of minor importance. 

• 1t is not possible to fully dissociate the injected CH4 precursor gas. This indicates that 
there is areaction mechanism which forms CH4 again from its dissociation products. 
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• The film deposition rate is not proportional to the consumed carbon flow, which indicates 
that the sticking probability of the radicals in an Ar/CH4 plasma is low compared to the 
sticking probability of the radicals formed in an Ar/CzH2 plasma. Due to the low sticking 
probability the radicals are pumped from the reactor before they can be deposited. 

• From radial scans of the plasma it can be concluded that most of the C2H2 produced in a 
C2H2 in an Ar/CzH2 plasma is situated on the outside of the plasma. 

• Higher argon precursor gasflowsin the are lead to more production of Ar+, which can be 
derived from the fact that the dissociation degree is increasing with increasing argon 
precursor gas flow in the are. 

Recommendations conceming Fourier transform spectroscopy and mass speetrometry on an 
expanding Ar/CH4 plasma: 

• A study of the higher polymers (CmHn with m>2) as function of the precursor gas flow and 
are current. 

• Extend the infrared spectrum simulation program to CH4 so that it will be possible to fit 
the temperature of the CH4 in the plasma. 

Conclusions conceming Fourier transform spectroscopy and mass speetrometry on an 
expanding Ar/C2H4 plasma and on an expanding Ar/C2H6 plasma: 

• Under certain conditions it is possible to fully dissociate the injected precursor gas flow, 
which indicates that reereatien of the precursor gas molecules from its dissociation 
products is not possible or is a slow process (kdissociation>>krecreation). 

• The mass spectrum of C2H6 and C2H4 both have their dominant peak mass 28, which is 
also the mass of nitrogen (N2). This reduces the accuracy at low C2H6 and C2H4 flows. 

Recommendations conceming Fourier transform spectroscopy and mass speetrometry on an 
expanding Ar/C2H4 plasma and on an expanding Ar/C2H6 plasma. 

• A study of the higher polymers (CmHn with m>2) as function of the precursor gas flow and 
are current. 

• Adjust the C2Hz infrared spectrum simulation program, so that it is also possible to 
simulate and fit the CzH4 and CzH6 infrared spectra and perform infrared absorption 
measurements, using the gas cell, to verify the temperature dependency of the absorption. 
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Appendix A: Non-linearity (derivation of eq. 3.23) 

Transmission is described by the following differential equation 

1 -hvqp _ _ 
==> -dl= B N P(v-v )dx I c qpq qp 

dl 
Here dx is the change in intensity of the light (/) in a displacement dx through the absorbing 

medium, h is the Planck constant, v qp is the frequency of the absorbed light wave, Nq the 

density of the particles in the l=q state, P(v- v qp) is the absorption line profile, c the speed 

of light, and Bqp the absorption coefficient for absorption from state J=q to J=p which is 
given by 

3 

B = c A 
qp Snhv3 qp qp 

lf the absorbing medium is considered homogeneaus (N and Aqp constant) of length L and the 
apparatus line profile is neglected, the solution of this differential equation is given by: 

and thus the transmission Tr becomes 

Tr= :o =exp(-aPCv- vqp)] ""'1-aP(v- vqp) + ~! P 2
(v- vqp)-... = 1+ ~ (-:?n pn(v- vqp) 

Apparatus profile 

Absorption line profile Measured line profile 
.....--------- Convolution --------. 

--·~ ~----/ 

.-------- Convolution -------.._ 
---·~ ~-------J 

I ll 1.------------ Convolution 

u u ~ 

Figure 7.1: Convolution of a line profile with an apparatus profile showing that the 
convolution of multiple lines is equal to the sum of the convolutions of the individuallines. 

When the absorption is being measured, the measured absorption line will be a convolution of 
the absorption line profile and the apparatus profile. In the case of the Fourier transfarm 
infrared spectrascope the apparatus profile width (~va ) is much broader than the absorption 

line width ( ~ v 1 ). Due to this it becomes impossible to detect individual absorption lines when 
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these are close together (within the apparatus profile width). From the convolution theory it 
can be derived that the convolution of multiple absorption lines is equal to the sum of the 
convolutions of the individual absorption lines (see Figure 7.1 ). The absorption which is given 
by A =- 10 log(Tr) thus becomes. ( L indicates a sumover all absorption lines). 

J 

A' =-log[!+ ~l(:, -!Jw(v-ii')dii] 

= -Iog[1 + IJ(i (-~r pncv- vqp)· wcv-v' )dvJJ 
J 0 n=! n. 

= -Iog[1 + Iif (-~r pncv-vqp)W(v- v' )dv] 
] n=! 0 

Now consicter P(v- v qp) and W(v- v') Gaussian. 

A 

- -1 1 ~ ~ I~ (-ar 1 1 1 -(V-V qp r 
- og + LJ LJ ' n+! n exp ( 2 J 

] n=! o n · 7r 2 ~V e ~V a ~: e 

c~Ve 
( )

n ...;n en ~va ~ -a 1 1 1 ...;n 
=-log 1 + ~ ~ -----r===========exp 

LJLJ n! n+! ~Vn ~V ( )2 J n=! 7r 2 e a ~V e A 2 .Jfï +LlVa 

(- - )2 v'-vqp 

(*) I exp[-(ax2 + bx + c)}Ix =- - exp erf y.Ja + c Y 1l [b2 

- 4ac] ( b ) 
0 2 a 4a 2--.;a 

I~ [-(x-a)2 (x-r)2 }x _ 1 c /38 [-(a-rlJ exp - --...;n exp 
0 /32 82 2 ~ /32 + 82 /32 + 82 
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~V 
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A 
[ 

"" ~ (-ar 1 1 1 [ """-log 1 + k.J k.J 
1 

-n --n --exp 
1 n=l no ;r2 L\ve q.Jiï 

I 
[
1 "" 1 [ ( v'-v qp f l ~ (-af 1 1 1 = - og + k.J- exp - 0 k.J __ 

1 q L\v! n=l n!.Jiï 7C~ L\v; 

Which finally results in a measured absorption which is given by 

[ [ 
(- - )2] ( Jn l ""L\ve v'-vqp ~ 1 a 

=-log 1+ k.J-exp 2 ° k.J--
J L\ V a L\ V a n=l n ! J';;. L\ V e .J1i 

with 

105 


