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SUMMARY 

A new production technique for amorphous hydrogenated silicon films - of 

increasing importance for solar cell applications - is plasma jet deposition, in which 

silane (SiH4) is dissociated in an supersonically expanding cascaded are plasma in argon 

(Iarc = 60 A, Vare= 80 V, SiH4 flow= 0.5 sccjs, Ar flow= 60 sccfs). 
The objective of this graduation project was the design, build-up, evaluation and 

eperation of an emission spectroscopy experiment in order to determine crucial 

parameters of the plasma jet, such as temperatures and densities of different particles. 

Assuming a PLTE situation for higher excited atomie levels, electron densities 

("'1018 m-3), electron temperatures ("'5000 K), as wellas relative ion concentrations (H+, 

Si+, Ar+) are calculated from the measurement results. 

A simulation of the SiH radical emission spectrum (A2~- X2TI transition) is 

performed including the (0,0), (1,1), and (2,2) vibrational bands. Comparison of the 

spectrum simulations with measured SiH spectra results in upper limits for the 

rotational and vibrational temperatures of 4000 K and 5600 K, respectively. 

The results can he understood assuming that charge exchange and dissociative 

recombination are dominant processes in the formation of Si+ ions and excited species. 
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introduction: the silicon deposition experiment 1 

1. INTRODUCTION: THE SILICON DEPOSITION EXPERIMENT 

1.1 Deposition of amorphous hydrogenated silicon films 

The deposition of thin amorphous hydrogenated silicon ( a-Si:H) films -of 

increasing importance for solar cell applications- is traditionally performed using 

glow-discharges, where silane (SiH4) is injected in a more or less static plasma. In the 

plasma the silane is dissociated and the various reaction products of this process diffuse 

to the walls surrounding the discharge, thus producing a thin layer [KAM80,PER83]. 

This processis called Plasma Enhanced Chemical Vapour Deposition (PECVD). 

Because the transport to the walls is a result mainly of diffusion, a relatively slow 

process, the film growth rates are low: typically 0.1 nmfs. Furthermore the three basic 

deposition phases ( dissociation-transport-deposition) take place in the same relatively 

small volume, making it difficult to optimize each of them separately. These 

disadvantages, inherent to glow discharge deposition of a-Si:H were the main reason to 

construct a new experimental set up for a-Si:H deposition in our group. 

The experiment for fast deposition of a-Si:H films is analogous to the carbon 

deposition experiment, as described in [KR088, BEU89, BEU90, SCH90]. Keeping in 

mind that the present study is not concerned with the deposition process, it nevertheless 

may be useful to mention some of the results of carbon deposition and discuss some of 

the principles for both machines. 

The deposition results for the carbon machine show that good quality layers may 

be deposited with moderate to high growth rates. So far the machine has produced 

amorphous carbon ( a-C:H) films, crystalline structures ( diamond deposition, [BEU89]) 

as well as high quality graphite layers [BEU90] with growth rates up to 1~-tm/s (for 

graphite). These remarkable results have led to the construction of a silicon deposition 

experiment using the same method: the "Depo II"-machine. 

The principles of the carbon and the silicon machine are the following. To enlarge 

growth rates for deposition, it is necessary to enlarge the production of electrons, 

radicals, and ions in the plasma. To accomplish this, the three deposition phases as 

mentioned above are spatially separated in this deposition method, making individual 

optimization possible. The partiele transport is directed by means of the expansion. The 
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high electron density ( typically 1022 m-a, electron temperatures typically 1 e V) in a 

cascaded are [KR088, GRA89, WIL91) makes this discharge very suitable as a plasma 

souree for deposition. The subatmospheric argon are plasma is allowed to expand 

supersonically into a heavily pumped vacuum vessel after injection of a silicon 

containing monomer (i.e. SiH4 in our case, details in chapter 3). At about 4 cm 

downstream from the nozzle (the plasma outlet) a stationary shock farms; after the 

shock partiele veloeities become subsonic ( around 600 mfs ). The deposition substrate 

may be positioned at variabie distances from the nozzle and can be heated to 

temperatures of about 700 K. 

1.2 The Depo 11 experimentalset-up 

The machinery is outlined in figure 1.1. We can treat the parts separately: 

(1) The vacuum vessel. 

This is a stainless steel cylinder with glass windows. At one side the plasma souree 

( the cascaded are) is mounted, at the other si de the substrate holder (target) is 

positioned. The substrate holder can be heated (to 500-700 K) and is capable of holding 

several substrates for deposition. Moderate to high basic vacuum conditions (up to 10-9 

bar without the plasma expanding into the vessel) can be achieved using the various 

vacuum pumps connected to the system. 

(2) The laad loek system 

This is a device similar to a space ship air loek. lt has a separate vacuum pump 

group and its conneetion with the main vessel can be opened and closed using a vacuum 

valve. This makes it possible to change substrates fast and easy without disturbing the 

vacuum conditions in the main vessel (double arrow in fig. 1.1). As the vacuum 

conditions in our case are about equal to those in traditional methods (PECVD) but 

growth rates are a factor 10-100 higher, the preservation of a "clean" vacuum is 

essential for the production of layers with less impurities ( compared to films produced by 

PECVD). 
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( 3) The plasma source: the cascaded are 

The heart of the machine is the plasma source, a discharge eperating at moderate 

to high currents ( typically 60 A at 80 V) providing a dense sub-atmospheric plasma 

(pressures 0.1--0.6 bar) [WIL91, KR088]. 

on 

Hydrogen 

Silane 

Loadlock 

t 
Figure 1.1. The De po IJ experiment. At the left the pump group for the vacuum 

vessel is sketched {WIL91]. The separate laad loek pump group is nat indicated. 

( 4) The gas injection 

The cascaded are usually "burns" on argon with the possibility of injecting 

hydragen in one of the are plates [KR088] and/or injecting silane in the expansion. 

Details on the silane injection can be found in chapter 3. 

(5) The safety system 

The safety system is not indicated figure 1.1, but it is a very important aspect 

indeed of the Depo II experiment. Because of silane being a very toxic and explosive gas 

(spontaneously flammable) strict safety precantions in the Iabaratory are essential. The 

safety system relies on a process computer which continuously checks and controls all 

vessel, are, laadloek and gas parameters, prohibiting potentially unsafe operations. The 

alarm system connected to thes computer relies on smoke- and silane detectors. 
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Furthermore, all gases are stored in a separate, highly ventilated container outside the 

building. The silane is admitted to the laboratory, and to the experiment, only under 

specific conditions, one of which is that the are must be burning. 

The are plasma is allowed to expand supersonically into the vacuum vessel towards 

the substrate through the nozzle. Just after the onset of the expansion, the silane is 

injected in the plasma jet. The separation of the three deposition phases is clear: 

dissociation just after the expansion has begun, transport at high veloeities towards the 

substrate by means of the expansion and deposition at the substrate itself. 

1.3 Emission and absorption spectroscopy as a plasma diagnostic 

The objective of this graduation project was the design, set up, evaluation, and 

operation of an emission spectroscopy experiment. We can now take a closer look to the 

position of this diagnostic technique within the frame of Depo II. 

In glow discharges it is difficult to monitor the deposition process by either 

emission or absorption spectroscopy because dissociation, transport, and deposition are 

hardly spatially separated. The net diffusive fluxes of different species to the substrate 

can be estimated by equating the volume production to the diffusive loss to the substrate 

but the problem is that the incoming fluxes for many radicals may be several orders of 

magnitude higher than their net fluxes. The measurement of radical densities ( using 

spectroscopy) may therefore learn more a bout the adsorption - conversion - desorption 

cycle than it will be indicative for the contibution of that radical to the deposition. 

We can at least hope to avoid these problems in the Depo II set-up, as we do 

separate the deposition phases. This makes spectroscopie analysis of the plasma jet, as it 

expands towards the substrate, possibly a powerful tool in monitoring the deposition 

process: the species observed in the jet presumably represent the incoming flux towards 

the substrate and correlations between deposition characteristics and plasma jet 

parameters (as deduced from spectroscopie measurements) are expected to be more clear. 

However, also in our case the effect of desorption and circulation within the vessel should 

be investigated. 

The species SiH2 and SiH3 (thought to be dominant in the deposition process 

[VEP89, PER89] have never been observed in emission. SiH2, however, has been 
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observed in absorption [DUB68]. As emitting species m a plasma are produced by 

electron collisions or as products of a dissociative recombination process (as to be 

discussed in chapter 6), the absence of an emission spectrum for SiH2 and SiH3 may 

imply that (a) the species are not present in the plasma or that (b) they are present in 

the ground state. This could be verified in absorption, and this makes absorption 

spectroscopy an essential (next step) diagnostic for our experiment. 

Before any discussion about a-Si:H plasma deposition is possible, however, it is 

necessary to know the basic plasma parameters, such as electron densities and electron 

temperatures, which may be determined by emission spectroscopy. Furthermore, one of 

the reaction products, SiH, has a known emission spectrum [PER80, PER83, KAM80] 

in the region of 4000-4300 Á, and simulations of this spectrum can give rotational and 

vibrational temperatures for this radical. In this view, emission spectroscopy is a logical 

and essential first step to characterize the plasma jet - this was the purpose of this 

graduation project. 
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2. MOLECULAR SPECTROSCOPY OF DIATOMIC RADICALS AND IONS 
IN A NUTSHELL 

In this theoretica! part an outline is given of the basic principles of molecular 

spectroscopy, with some details for the SiH radical, as a computer simulation was 

performed for this case and the radical was observed in emission in our experiment. The 

elementary plasma physics part of the theory is omitted in this chapter as it is well 

described in several books and reports [SIJ88, GRA89, BIB87]. However, when we need 

atomie spectroscopy and non--€quilibrium plasma theory we shall give a brief theoretica! 

intermezzo concerning these subjects at the appropriate place ( chapter 5). 

2.1 Introduction: The Born-Oppenheimer approximation 

This introduetion deals with the quanturn mechanica! framework for this chapter: 

the basic approximation in all the considerations to follow. 

To take a closer look at this approximation we depart from the well-known 

Schrödinger--€quation: 

H'l/J= E'I/J, (2.1) 

where E is the energy, '1/J is the wave function descrihing the system considered and H 

is the Hamiltonian of the molecule, given by: 

- 1 ( )2 1 ( p lr ) 2 
H- -2-~ Pi + 2~~ +V. me 1 k k 

The i-subscripts refer to electrons, k-subscripts to nuclei; 

- Mk and me: masses of nuclei and electrons, respectively; 

(2.2) 

- V= Ve + V n: total potential energy, the sum of the electronic and nuclear potential 

energy; 

- p: momenturn operator= (tt/i)· 'V. 
In the so-called Born-Oppenheimer approximation it is assumed that m first 

approximation the total wave function may be written as a product: 
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(2.3) 

where 7/Je is a function of electronic coordinates (i) only and 7/Jvr a function of nuclear 

coordinates (k) only. In this case, 7/Je is a salution of the electronic wave equation in 

the case of a system with two fixed centers: 

(2.4) 

where Ee1 is the energy of the electrans in the field of the nuclei. The other part of the 

wave function is a salution of: 

0. (2.5) 

If we compare equations (2.4) and (2.5) with the original ones (2.1) and (2.2), it 

can be shown (HER 71] that 7/Je 7/Jvr is a solution to all these equations only if the 

variation of 7/Je over the nuclear coordinates (i.e. (Vk)2· 7/Je ) can be neglected. This is 

known as the Born-Oppenheimer approximation. 

In this approximation the potential energy under which the electrans move ( eq. 

(2.5)) is determined simply by adding the pure electronic energy Eel to the potential 

energy V n of the nuclei, given by Z1Z2e2 /r (Zb Z2: atomie numbers of nucleus 1 and 2, 

r: internuclear distance). 

In the Born-Oppenheimer approximation the total energy of a molecular state can 

be represented as the sum of three parts: the electronic, rotational and vibrational 

energy terms: 

(2.6) 

In correspondence with three types of energy, we can find three types of transitions (fig. 

2.1) between energy levels and hence three types of spectra: 

1. Rotational spectra: transitions between different rotational levels of fixed 

vibrational and electronic state; 
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2. Rotation-vibration spectra: transitions between rotational levels of different 

vibrational states. 

3. Electronic spectra: transitions between rotational and vibrational states of different 

electronic states. 

Figure 2.1. Vibrational and 

rotational levels of two el ec

tronic states A and B of a 

molecule. The three double arrows 

indicate various types of transi

tions. Symbols will be explained 

in the text. 

=--=--~-J'~~~~~-~=-~-- ,_,__ ___ 2 

--10=-- -= 5 

"-"··-·----
J -::cc_-~v" 

---------.r--~~-~~"Jo~---4 

_5 

------6 

- --~o~-------------0 
A 

The symbols in figure 2.1 will be discussed later on; for the moment the figure is 

merely showing an application of the Born-Oppenheimer approximation. 

2.2 Rotation and vibration 

We will now discuss the rotation and vibration of a simple diatomic molecule 

following semi-classical arguments to arrive at their related energy levels of the 

molecule. 

(a) Rotation 

As a simple model of a rotator consider a rigid system of two mass points m1 and 

m2 connected by a massless rod of length r: a "dumbbell rotator". In classica! terms, 
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the energy Er of such a rotator is given by: 

(2.7) 

where I is the total moment of inertia about the axis of rotation (perpendicular to the 

rad). Again in classica! terms this is equal to: 

(2.8) 

r1 and r2 being the distances of the two masses from the center of mass (r = r1 + r2, 

the usual center of mass coordinate transformation). The reduced mass is given by: 

(2.9) 

We can now introduce the angular momenturn P = Iw in equation (2. 7) and obtain: 

p2 
Er= 2T (2.10) 

Leaving the classica! considerations and going to quanturn mechanics now, the 

Schrödinger equation for the rigid rotator can be solved. In this manner one obtains 

discrete energy levels given by: 

(2.11) 

J, the rotational quanturn number, can take the values 0,1,2, ... and is related to the 

magnitude of the angular momenturn P by the relation: 

p = h·J.l(J+1). (2.12) 

In molecular spectroscopy, the energy relation (2.11) is usually written inthefarm 

of so called term values F(J): the energy values divided by he ( c: speed of light in 

vacuum) and measured in cm-1 (frequency): 
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F(J) = ~ ::: B·J(J+1). (2.13) 

B, the rotational constant, is given by: 

h 
B = 87r2ci· (2.14) 

To each of the energy eigenvalues of the wave equation correspond characteristic 

eigenfunctions. Their squares give probability distributions - like in the atomie case. 

Eigenfunctions corresponding to the eigenvalues in (2.11) are listed in [HER 71]. 

If the molecule is not completely rigid, the centrifugal force will slightly increase 

the internuclear distance and change the rotational term value to: 

F(J) = B·J(J+1)- D·J2(J+1)2 + ... , (2.15) 

where D is a correction factor, approximated by: 

(2.16) 

In this formula Wv is the vibrational frequency, in cm-1. Values for B and D in our 

case of SiH can be found in appendix 2. 

(b) Vibration 

In a first -classica!- approximation, the vibration of a diatomic molecule may be 

represented by the model of the harmonie oscillator: a mechanica! system consisting of a 

mass point under the action of a restoring force proportional to the displacement x of 

the mass point from its equilibrium position. If the deviation of the internuclear distance 

r in a diatomic molecule from its equilibrium value re is equated to x and mbm2 are 

replaced by fl, the harmonie oscillator model can be used for diatomic molecules. The 

potential energy is then given by: 



molecular spectroscopy in a nutshell 

V - 1k 2 - 1k( )2 -2 x -2 r-re ' 

11 

(2.17) 

where k is related to the oscillator frequency v0 by the relation k = 47rJ1v0
2. If (2.17) 

is substituted in the wave equation -entering the field of quanturn mechanics again- the 

energy levels of the harmonie oscillator are given by Gasiorowicz [GAS74]: 

(2.18) 

Here the vibrational quanturn number v can take the values v = 0,1,2, .... We can also 

find vibrational termvalues by dividing (2.18) by he: 

(2.19) 

with 
-!:.a. We- c' (2.20) 

the vibrational frequency in cm-1. Eigenfunctions for the harmonie oscillator are given 

by Herzberg [HER71, HERSO]. 

A real molecule is, however, not a harmonie but an anharmonic oscillator i.e. the 

potential function is not a parabola (2.17) but a curve as sketched in figure 2.2. One 

form of this curve is the Morse-potential curve ( dotted in fig. 2.2), given by the formula: 

where De is the dissociation energy of the molecule and {3 = We~· 

The vibrational termvalues of an anharmonic oscillator are given by: 

(2.21) 

(2.22) 

where WeXe and WeYe are constants listed for different molecules by Herzberg [HER79]. 

From figure 2.2, where the energy levels for H2 are depicted, one can see that: 

1. the spacing between the vibrational energy levels decreases with v and that: 
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2. the number of possible energy levels is finite and not infinite, as m the case of a 

Coulomb potential. 

(<~)r r·· .. l 

40,000t i~~~~,' ========~A~~-=J 
Ut-------------~--::-----
101------------/ 

9r----------~ 
30,000 sr---------v 

20.000 

10.000 

__________________ i_ 

Figure 2.2. Potential energy curve and vibrational energy levels of an anharmonic 

oscillator {H2 molecule}. 

( c) Interaction of rotation and vibration 

Generally, rotation and vibration in a molecule will take place simultaneously and 

therefore the effect of mutual interaction must be considered. If the molecule is vibrating 

the internucear distance and hence the moment of inertia changes: this implies a 

difference of the rotational constant for a given vibrational level Bv to the Be for the 

equilibrium position. 

To find Bv one must average over the various values of the internuclear distance: 

B _ h [ 1] 
V - 87!'2 CJ.L fZ av' 

(2.23) 

This can be shown to yield: 
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(2.24) 

with Be given by (2.14) and ae depending on Be and We· 

The rotational constant D is affected in a similar in a similar way: 

(2.25) 

These effects cause the rotational term values for a given vibrational level 

designated by v to become: 

(2.26); 

2.3 Electronic states and eigenfunctions 

So far we have treated insome detail two of the energies mentioned insection 2.1: 

the rotational and vibrational term values as presented in figure 2.1. The third energy 

term, the electronic energy, is somewhat more complicated to describe. We can start 

from elementary atomie quanturn mechanics [GAS74] and treat ene-electron molecules 

first. 

(a) One-€lectron molecules 

In order to understand the occurrence of different electronic states with different 

vibrational and rotational constants we must first consider the motion of electrens in the 

field of the two nuclei. We may start by looking at a one-€lectron molecule: e.g. H2 +, 
an electron moving in the field of two protons. Qualitatively, one may obtain the 

discrete energy values starting from united H2 +: the He+ ion. 

In the case of the united atom He+ the electron state is characterized by the 

quanturn numbers n and 1, the latter indicating the magnitude of the orbital angular 

momenturn 11' I in units li: 

11' I = 1tv'1(I+TJ. (2.27) 

In an electric field (such as would exist between the two nuclei of H2 +) 1' can 
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have only those orientations with regard to the field direction for which its component in 

the field direction is given by m1'h, where: 

m1 = -1,-1+1, ... ,1. (2.28) 

The energy in an electric field is in first approximation given by E = C(m1)2, so 

states differing only in sign of m1 have the same energy, i.e. states with m1 :f. 0 are 

doubly degenerate in an electric field. To distinguish states with the same n,l but 

different I m11 the quanturn number À is introduced: 

À= lm11 =0,1, ... ,1. (2.29) 

In atoms, the orbital wave functions are called s,p,d,... to denote orbitals with 

1 = 0,1,2, ... , respectively. In analogy, the orbital wave functions in our united atom case 

are designated (]',7r,Ó, ... for À = 0,1,2, ... , the 1r,8, ... -orbitals being doubly degenerate. 

We can now distinguish the different (]',7r,Ó, .. orbitals making use of the n,l values 

in the united atom and form: 

1s(j, 2s(j, 2p(j, 2p7r, 3s(j, 3p(j, 3p7r, 3d(j, 3d7r, 3d8, .... 

(1=0)=0) (1=1)=0,1) (1=2· À=O 1 2) ' ' ' 

So far we have discussed the united atom, anticipating the separated atom only by 

supposing some electric field. We can now use this formalism to describe the H2 + ion, 

adding a subscript a or b to distinguish the nuclei involved and obtaining symbols like 

(j1sa and (j2sb. Note, that the only "good" quanturn number when we depart from the 

united atom and go to the separatedcaseis À: the quanturn numbers n,l for the united 

atom are only useful for small internuclear distances and those for the separated atoms 

(na,nb,la,lb) only for large internuclear distances. 

If the two nuclei are equal (a homonuclear molecule) the wave functions can be 

either symmetrie (even) or antisymmetrie ( odd) with respect to the center of symmetry 

that in this case exists in the molecule. This symmetry is indicated by the subscript "u" 

for odd ("ungerade") wavefunctions and "g" for even ("gerade") 
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wavefunctions. In the united atom even l's imply even wave functions and vica versa. 

In the case of separated atoms, however, for each (J,7r,Ó, ... state from atom A 

there is another similar (J,7r,Ó, ... state from atom B. The combinations of these 

orbitals, e.g. 1S(Ja and 1sa-b, form "u" and "g" orbitals in the following manner: 

for homonuclear molecules A= B; 1/..f2 is the normalization factor when both the 

orbitals are normalized [HER71). 

(b) Many electron molecules 

In a many-electron system each electron may in first approximation be considered 

separately in the field of the two nuclei and the other electrons. Each electron i can, 

then, be designated by the quanturn numbers ni, li, and Àb ni and li referring either 

to the case of the united atom or the separated atoms. The total wave function 7/J in 

this case is a mere product of the individual electron wave functions ~i: 

(2.31) 

Total angular momenturn 

For a given electron configuration we generally obtain several, but at least one, 

electronic states for the total molecule. Each of this states may be characterized by the 

total orbital angular momenturn t, related to r i by: 

t =};Ti; 
i 

I tI =ft. JL(L+1), 

(2.32) 

(2.33) 

where L is the total angular momenturn quanturn number. Again, in the case of an 

electric field, t ( and T) only can have those orientations with regard to the field 
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direction for which its component in the field direction (i.e. along the internucear axis) is 

quantized and given by M1 lt, with: 

(2.34) 

(see figure 2.3). 

Note that in this case the summation may be considered an algabraic one. The 

energy in the electric field of the two nuclei is given by E = C· (M1 )2• Because of 

(2.34), the values of M1 are limited to {-1, -1+1, ... , 1 }. 

In analogy to the one-€lectron case we can introduce the quanturn number A 

which gives the magnitude (in units lt) of the component of r. along the internuclear 

axis: 

A:: IM1 1 = l~mlil =0,1,2, ... ,1. 
1 

Figure 2. 3. The orbital angular 

momenturn i precesses about the 

internuclear axis with constant 

component Nrll. 

(2.35) 

We can already draw some conclusions for the many-€lectron case. First, the 

addition (2.32) may render several electronic states --characterized by A- for one given 

electron configuration. We denote these different electronic states according to the value 

of A as ~,IT,fl, ... states for A = 0,1,2, .... Furthermore, for the same reason as in the 

one-€lectron case, states with A :f 0 are doubly degenerate as for A :j: 0 the two values 

of M1 for A :f 0 ha ving the same energy in the electric field of the two nuclei. 

The spins of the individual electrans si must be added vectorially to give the 
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resultant spin: 

(2.36) 

withits related quanturn number S: 

!SI = n·JS(S+1). (2.37) 

In the case of ~-states (A = 0) the spin S, unaffected by an electric field is fixed 

in space in the absence of rotation and an external magnetic field. For IT,D., ... states, 

however, an internal magnetic field is induced by the movement of the electrans about 

the internuclear axis causing the resultant spin to precess about this axis. We can then 

define a new quanturn number Ms for the component of S along the internuclear axis, 

which has ( quantized) magnitude Msft. Values taken by Ms are: 

Ms = -S,-S+1, ... ,S, (2.38) 

which leads to a tot al of 2S+ 1 distinct spin states. The number 2S+ 1 is called the 

multiplicity of a certain level with given S, even in the case of A = 0 where Ms 

cannot be defined (in the absence of an external magnetic field). The multiplicity of a 

certain electronic state is aften added as a superscript to the state symbol. 

For homonuclear molecules the total electronic eigenfunctions have symmetry 

properties similar to those of in the on~lectron case, so one can in this case obtain 

states like ~g,llg,··· and ~u,llu,···· 

Examples of possible electronic states. more on symmetry. the Pauli principle 

Ex. 1. 

Consider a two--€lectron system one of which is in a ug-state and the other is in a 

7ru-state (so we are in a homonuclear situation). According to (2.32) and (2.35), A 

must be equal to 1, as l(u) = 0 and l(1r) = 1: so we obtain a IT-state for the 

combination of the two electronic states with S = 0 or 1, as there are two electron spins 
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(of magnitude ±th) under consideration. This causes I1 to occur both in a singlet 

(2S+1 = 1) and in a triplet (2S+1 = 3) form, written symbollically as 1!1 and 3!1, 

respectively. Since one of the original electronic states is even ( 0' g) while the other one is 

odd (7ru), the resulting combined state must always be odd, leaving 1I1u and 3I1u as 

possible states. 

Ex. 2 

In a configuration of two 1r-electrons we obtain A = 0 or 2, giving rise to h or 

!J. states. The !J. state is -as usual- doubly degenerate, whereas the h state can exist 

in two farms: symmetrie ( +) or antisymmetrie (-), according to the symmetry property 

of the wavefunction with respect to reflection at any plane through the internuclear axis. 

Note that this is valid for bath homonuclear and "heteronuclear" diatomic molecules, 

whereas the property "g" or "u" is unique for homonuclear molecules. The symmetrie 

and antisymmetrie states can be described in the following way: 

1 
h + = :J2 ( 1r( m 1 = 1) + 1r( m 1 =-1)); 

h- = ~ (1r(m1=1)- 1r(m1=-1)). (2.39) 

So for a 1r-1r combination we generally obtain six possible states (as in this case we also 

have two electron spins, leading to S = 0 or 1): 

So far we have not imposed any restrictions on electron states: this is, as known 

from atomie physics, not an acceptable situation: we have to beware not to vialate the 

important Pauli-principle, which requires that no two electrans have exactly the same 

set of quanturn numbers. Hence, a given O"--orbital can only aceomadate two electrons, 

and only if they have antiparallel spins while 1r,8 ar bitals can house a maximum of jour 

as m1 =±À. 

Under the Pauli-principle, the configuration ( O"g1s )2 -i.e. two electrans in the O"g1s 

state- leads to only one combined state:· 1hg + and ( 7r2p )2 leads to only three of the six 

possibilities listed in ex. 2: ah-, 1!J., 1h+. 

To end this section (more details may be found in [HER50]) table 2.1 gives the 
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electronic states for a number of diatomic hydrides. Consider the ground state of SiH as 

an example. In the united atom we have two (3s0') electrons, two (3p0') electrans (Pauli) 

and one (3p7r) electron, resulting in A = 1 and S = 1/2. This yields a 2II state. 

Table 2.1. Electron configurations for the ground state and the first excited states 

for diatomic hydrides. For excited electron configurations the closed atomie shells have 

nat been repeated. States in brackets have nat been observed. Msp means that in the M 

shell (n=3) only the subgroups 3s and 3p have been closed {HER11 J 

Molecule Lownt Electron Conjiguration First E:r:cited Electron Conjiguration 

LiH, BeH+ K(2su) 2 1~+ 2su2pu 1~+ [ 1~+] 

NaH, MgH+ KL(3su) 2 1~+ 3su3pu 1~+ [ 3~+] 

KH, CalF KL\f,v(4su) 2 1 ~+ 4su3du t~+ [3~+] 
CuH,ZnH+ [;LM(4su) 2 1~+ 4su4pu 1 ~+ [ 3~+] 

RbH E;LMN,v(5su) 2 1~+ 5su4du 1 ~+ [ 8~+] 

BcH, Bit+ J\(2su) 2 2pu 2~ 1 (2su) 2 2p1r 2Ilr 
1\fgii, AIH 1 l\L(3su)2 3fJu 22:+ (1su) 2 3p7r 21Tr 
Cal! l\LM,v(4su)Z 3du 2~+ ( 4su) 2 4p7r 2Ilr 
ZnH KLJ!(4su) 2 4pu 2~+- ( 4su )2 4p7r 21Ir 
Srll KLM K,v( Ss u) 2 4du z~+ (5JU) 2 4d7r ZIJT 

CdH KLAf N,vd(5su) 2 Spu 2~+ (5su) 2 5p7r 2IIr 

BH, CH+ K(2su) 2(2pu) 2 I~+ (2su) 2 2pu2p7r 111, 311 
A lH KL(3su)2(3pu) 2 1 ~+ (3.ru) 2 3pu3p7r 1II, 3Il 
lnH l\LM,vd(5su)2(5jiu) 2 1~+ (5.ru) 2 5pu5p7r 111, 3Il 

CII /\(2su) 2(2pu) 2 2p7r 2IIr (2su)2 2pu(2p7r)2 (4~-J, 2,1, 2~+, 2~-

SiH KL(3su) 2(3pu) 2 3j>7r 2flr (3su)Z 3j>u(3p7r)2 (4~-J, 2,1, 2~+, (2~-J 
Sn I { l\LMl">',vd(Ssu) 2(5j>u) 2 5p7r 2lir (Ssu)2 5pu(5p7r)2 4~-, 2,1, (2~+], [2~-J 

NH, OH+ /\(2su) 2(2jJu)2(2jm)2 a~-. 1,1, J~+ (2su) 2 2pu(2p7r)3 311, 111 
PH l\L(3su)2(3pu)2(3p7r)2 a~-. 1,1, [t~+-] (3su) 2 3pu(3p7r)3 3Il, PIIJ 
OH /\(2su) 2(2pu) 2(2fm) 3 211; (2su)2 2pu(2p7r) 4 2~+ 

liS, HCI+ /\1,(3su)2(3pa) 2(3j>7r) 3 211; (3su) 2 3jJa(3p7r) 4 2~+ 

HBr+ l\LM(4su)2(4pu) 2(4p7r)3 2II; (4su) 2 4pu(4p7r) 4 2~+ 

HF l\(2su) 2(2j>a)2(2p7r)4 t~+ (2su) 2(2pu) 2(2p7r)3 3su [3Il], [111] 
HCI l\L(3su)Z(3pu)2(3p7r) 4 1~+ (1ra)2(3pu)2(3p7r) 3 4su [811], 1H 
IIBr l\LM(4sa) 2(4j>a) 2(4p7r)4 t~+ (4su) 2(4Jiu) 2(4p7r)' Ssu 3II, 1ll 
Hl KLM A',pd(5su) 2(5pu) 2(5j>7r) 4 I~+ (5su) 2(5pu) 2(5p11')3 6su 3II, 1fl 

2.4 Coupling cases. selection rules, the SiH A2!:1- X2II system 

So far we have developed concepts for rotational, vibrational, and electronic states 

separately. To combine these concepts to the total picture as anticipated in figure 2.1, on 

needs to consider -just as in atomie structure analysis- different coupZing cases. Which 
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case is the best approximation depends on which angular momenta are coupled to each 

other and to the internuclear axis. In the case of the X211 ground state of SiH, for 

example, we see a transition from one coupling case to another when J increases. We 

shall nat discuss the coupling cases in detail here: this is done in appendix 2a. 

If we skip the coupling cases for the moment, we can take a look only at the 

general selection rules (for dipale radiation), as some of the selection rules apply to 

specific coupling cases only. These are: 

t:,.A = 0, ±1; t:,.S = 0, (2.40) 

for electronic transitions, where (for example) t:,.A =A'- A" (about the notation: 

primed indices refer to upper levels, doubly primed indices to lower levels). For 

vi bra tional transitions there are no rigarous selection rules (appendix 2a) but for 

transitions between levels with different rotational quanturn numbers the selection rules: 

t:,.J = 0, ±1; J = 0 !-H J = 0; 

+ f--1-, + !-H +, -I-H-

hold. In these equations, f--1 stands for "combines with" while 

combine with". 

(2.41) 

(2.42) 

+-H stands for "does not 

Using the appropriate coupling cases and selection rules (appendix 2a) we can 

describe the transition A 2 t:,. - X211 completely, and this is shown in figure 2.4 for one 

particular vibrational band (see once more figure 2.1). To understand this figure fully 

one needs to consider the theory as outlined in appendix 2a and Herzberg [HER50) or 

Kovacs [KOV69), but we can understand it qualitatively by making some remarks: 

1. The figure is a representation for a specific coupling case, which introduces the 

quanturn number K. Because of spin-orbit interaction each K can be associated 

with (in the SiH case) two values for J. 

2. The rotational transitions can be arranged in branches according to their t:,.J 

value: t:,.J = - 1 transitions form the P branch, t:,.J = 0 transitions form the Q 
branch, while t:,.J = +1 transitions form the R branch. The so called satellite 

branches ( dotted transitions in figure 2.4) arise due to violations of certain selection 

rules, because the X211 ground state is a transitionary coupling case (appendix2a). 
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Figure 2.4. A schematic view ofthe possible transitionsin the A2Ll - X2II system 

of SiH, assumed that both states are Hund's case {b) {see appendix 2a). 

3. The "A-splitting" (indices c and d) in the figure, which is usually a very small 

correction, is the effect of the L becoming uncoupled from the internuclear axis 
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for large rotational velocities: this results in a dissapearance of the symmetry for 

reversing the direction of t, thus lifting the twofold degeneracy present for A :f 0 

(section 2.3 b). 

2.5 Intensity distribution in rotational and vibrational bands 

So far, our treatment of (diatomic) molecular spectroscopy has covered the 

following issues: 

1. The introduetion of the quanturn mechanica! framework for our molecular spectocopy 

treatment: the Born-Oppenheimer approximation. 

2. Discussion of rotational and vibrational term types. 

3. Discussion of electronic term types. 

4. A description of the SiH A2l::i- X2II system. 

One very important aspect of molecular spectroscopy has yet to be considered: the 

intensity distribution over the various bands, branches and transitions. In this section we 

will take a closer look at this problem, referring to Kovacs and Herzberg [KOV69, 

HER50] for details. However, some details, important for our simulations, can be found 

in appendix 2. 

(a) Intensity distri bution in the vibrational structure, Franck-Condon principle 

It appears to be easier to treat this intensity distribution first in absorption, 

returning to the emission case later. 

Empirically, it was found that there were three different types of intensity 

distributions over various vibrational bands. These three possibilities are sketched in 

figure 2.5. 

We can understand these distributions using the Franck-Condon principle, 

generally stated as: 

"The electron 'jump' m a molecule takes place sa rapidly in comparison to the 

vibrational motion of the molecule that immediately afterwards the nuclei still have very 

nearly the same relative position and veloeities as befare the jump." 
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Figure 2.5. Three typical types of intensity distribution in absorption. For 

simplicity1 the different vibrational bands are drawn with equal separations in the three 
cases. 

We can now examine three possible kinds of transitions, as sketched in figure 2.6. 

Case (1 ): 

The minima of the two potential curves of the two electronic states involved lie at 

nearly equal internuclear positions. In absorption, the molecule is initially at the 

minimum of the lower electronic level (if we neglect the v = 0 motion). The (0,0) 

transition A-B satisfies the Franck-Condon principle, but transitions like A-E ((0,2) 

transition) do nat, as in the latter case a significant change in bath position and 

momenturn is required. In this case, then, transitions with v" = 0 and v' = 1,2,3, ... 

are highly improbable when compared to the (0,0) transition (fig 2.5(1)). The notation 

convention introduced here is important: primed indices indicate upper electronic state 

levels, whereas doubly primed indices refer to the lower electronic state. In figure 2. 7, 

the potential curves for the SiH and CH molecule are given. 

Case (2): 

The minima of the potential curves are now nat very close tagether and thus a 

(0,0) transition is nat very probable. The most probable transition is now the A-B 

transition: vibrationallevels near B indicate the strongest vibrational transition bands. 

For other levels an appreciable amount of change in the internuclear distance or velocity 
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must take place, making the transition ( according to the Franck-Condon principle) not 

very probable. This results in an intensity distribution as shown in fig 2.5(2). 
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Figure 2.6. Potential curves explaining the three different distribution types in 

absorption according to the Franck-Condon principle. In {3}, AC gives the dissociation 

limit, EF the dissociation energy of the ground state, and DE the excitation energy of 

the dissociation products. 

E 
u :2 
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Ji -SiH 

--- CH 

30 1.0 

Figure 2. 7. Potential curves for the SiH and CH radicals in the ground state and 

first excited state. 
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Case (3): 

The minimum of the upper potential curve now lies at an even larger r value. The 

Franck-Condon principle is now satisfied for the A-B transition, but B lies above 

the asymptote of the Morse potential curve. After such an electron jump, the molecule 

would dissodatel Levels lower or higher than B may also be transition end-points, but 

with lower probability and, hence, lower intensity: this is depicted in fig 2.5(3). 

(N.B. The wave-mechanica! background of the Franck-Condon principle [HER50] 

links the intensity of a vibrational transition to the square of the overlap of the 

vibrational eigenfunctions involved in the transition.) 

The Franck-Condon principle in emission 

The variation of intensity within a band with v' = 0 m emission corresponds 

exactly to that of a band with v" = 0 in absorption as described above: the intensity 

maximum will be determined by the relative positions of the minima of the potential 

curves. 

When v' f 0, however, there is a different situation, explained in figure 2.8. During 

vibration, the molecule stays preferably at the turning points A and B in figure 2.8. 

The intermediate positions are passed through relatively very quickly. This means, that 

transitions will "preferably" take place at the turning points A and B. Using the 

Franck-Condon principle, the most probable transitions now move to levels C-D and 

E-F (no change in radius and velocity). This leaves two v" values with high transition 

probabilities. 

Population of the vibrational energy levels 

In our discussion of the intensity distribution over the vibrational transitions, we 

have so far neglected the important effect of the population of the emitting vibrational 

energy levels. One could say, that we have been looking only at the transition 

probabilities, while the intensity of a vibrational transition also depends from the 

population of the upper level (in emission). 
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Figure 2. 8. Potential curves explaining the intensity distribution zn emzsswn 

according to the Franck- Condon principle. 

We may assume some kind of Boltzmann distribution of the population of the 

levels. In this case we can define the distribution parameter as the so called vibrational 

temperature T vib and write the number density n of a certain level with an energy 

between E and E + .6.E as being proportional to an exponent: 

n(E,E+.6.E) rv exp(-E/kTvib) = exp(-G(v)hc/kTvib), (2.43) 

where k denotes Boltzmann's constant and G(v) is measured m cm-1. This 

distribution is shown in figure 2.9. 
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Figure 2.9. The thermal distribution of the vibrational level population with 

T vib = 300 K and the vibrational levels of the 12 molecule. 

(b) The intensity distribution in the rotational structure 

The equivalent of the Franck-Condon principle for rotation are the Hànl- London 

relations. We shall not discuss them here, however: a discussion may be found in Kovacs 

[KOV69) and Herzberg [HERSO). 

We can however take a look at the thermal distribution of the population of 

rotational levels, as it differs significantly from the distribution of vibrational level 

population. In the rotational case a degeneracy of all rotationallevels (in the absence of 

an external magnet ie field) is present, giving rise to a ( 2J + 1 )-fold degeneracy of each 

rotational line. The factor (2J + 1) is called -analogous to atomie physics- the statistica[ 

weight of the level. For the intensities I( J') of rotational transitions this implies: 

I(J') = (2J'+1)·I(J'=0), (2.44) 

the J' being only valid in emission (for absorption J" will have to be used). 

We can now write the population of a certain rotational level N(J), using the 

statistica! weight and introducing the rotational temperature Trot' as: 

N(J) "' (2J+1) · exp( -F(J)hc/kTrot). (2.45) 
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This relation is sketched in figure 2.10. 
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Figure 2.10 Thermal distribution of the rotational levels for Trot = 300 K for HCl 

in the ground state. 

A certain level within an electronic transition is, of course, determined by its 

rotational and vibrational quanturn numbers. So we combine eqs. (2.43) and (2.45) to 

obtain the population of the level characterized by v and J: 

N(v,J)"' (2J+l)· exp( -G(v)hc/kTvib) · exp(-F(J)hc/kTrot)· (2.46) 

In a plasma T vib and Trot need not necessarily be equal as other but thermal 

processes may lead to excited states: so the temperatures are really just distribution 

temperatures. We used (2.46) in a more complete form (containing the partition 

function) in our simulation program (appendix 2). 
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3. THE EMISSION SPECTROSCOPY EXPERIMENT 

The main objective of this graduation project was the design, building, evaluation, 

and operation of an emission spectroscopy experiment for side on observation of the 

plasma jet as described in chapter 1. The realized experiment is a spectroscopy set up for 

observations in the region of 3500-7000 Á. Because of delivery problems this set up 

could, at the time, not be extended to a more automated system including for example 

photon counting data aquisition, an Optical Multichannel Analizer (OMA), or an 

automated positioning system for lateral scans. flowever, the basic system as 

constructed during this study is very versatile and implementation of the features 

mentioned should cause no serious problems. 

Befare turning to the spectroscopy experiment, however, it may be necessary to 

take a closer look at the way the observed plasma jet is generated. The cascaded are is 

well described by Kroesen [KR088] and we will not repeat the complete description 

here. The are usually "burns" on argon: the silane is injected a fier the cascaded are 

plasma has started expanding into the vacuum vessel. The silane injection is sketched in 

figure 3.1. 

PLASMA JET 

ARC CHANNEL 

~OZZLE 

Figure 3.1. The silane injection into the expanding plasma beam. 
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As can beseen from fig. 3.1, the silane is injected through holes of about 1 mm diameter 

in a ring placed behind the nozzle inside the vacuum vessel. The reason nat to inject the 

silane inside the are is a typical deposition experiment problem: the nozzle or the are 

would get obstructed within a very short time. However, also in the set up used by us 

deposition of a silicon layer on the injection ring caused problems: the ring appeared to 

get more and more obstructed during intensive operation. These unwanted deposition 

processes can possibly be avoided in later experiments by injection of etching gases, such 

as hydragen or fluor-containing gases. The effect of the injection of etching gases on the 

deposition at the substrate should then, of course, also be examined. 

Let us now turn to the spectroscopy itself: the set up is sketched in figure 3.2. The 

system consists of the following parts: 

3.1 The optical system 

The optical system used consists of: 

(1) Four (aluminium coated) mirrors, three of which are sketched in fig. 3.2. The exact 

position of the mirrors is more clear by looking at the photograph in fig. 3.3. The four 

mirrors are arranged in a way that, when an equidistant beam is present, the positioning 

system (which holds lens 1 1 and mirrors MllM2) can be moved in the vertical plane 

without disturbing the light ray path: an experimental "trick" used in the carbon 

deposition machine as well [KR088]. 

(2) The glass lenses 1 1 and 1 2. Glass was used despite its almast total absorption at 

wavelengths below 3600 Á, because at the time only a glass window for the vacuum 

vessel was present, making e.g. quartz lenses of little use. Lenses 1 1 and 1 2, bath 

planoconvex ( effective radius 43 mm) situated with the curved surfaces facing towards 

each other, create the mentioned equidistant beam part. Putting the lenses with the 

curved surfaces towards each other helps reducing spherical abberations. The center of 

the plasma beam is situated at a distance from the first lens equal to the focal length of 

the lens, which is 500 mm. 

(3) A pinhole, a diaphragm of radius 0.5 mm. Tagether with the aperture (i.e. the 

effective surface of the first lens of the optical system the pinhole size determines the size 

of the detection volume, or the part of the plasma from where radiation can pass through 

the optical system and reach the monochromator (We shall take a scrutinous look at 
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detection volumina in the next chapter). 

(4) A final biconvex glass lens 1 3 imaging the pinhole (and thus the plasma) 1:1 on 

the monochromator entrance slit. 1 3 has an effective radius of 22 mm and a focal 

100 mm. 

Figure 3.3. A photograph of the optical system. The positioning system (P} can be 

seen to hold the first lens and the first two mirrors of the optical system. Because of an 

equidistant .beam between L 1 and L2, movement of the positioning system does not alter 

the light ray path. This makes bath lateral and horizontal scans of the plasma jet possible. 

2.3 The analyzing system 

The analyzing section of the experiment consists of the following elements: 

(1) A Czerny-Turner monochromator by Jobin-Yvon (HR640) having a focallength of 

640 mm and variabie slits (10 J-Lm- 3 mm). Apparatus profiles have been measured and 

halfwidth full maximum (HWHM) values are listed in appendix 1. The dispersion of the 

monochromator turned out to be about 12 Á/mm. 
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(2) An EMI 9698B photomultiplier with a borosilicate window and a speetral response 

as shown in fig 3.4. For our purposes the sensitive wavelength region of 3000-8000 Á is 

sufficient because of the glass vessel window. The photomultiplier was in our 

experiments connected to a Philips PW 4024/01 high voltage power supply maintaining 

a potential difference of 1500 V between photomultiplier anode and cathode. 
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Figure 3.4. The photomultiplier {EMI 9698B} sensitivity curve as presented by the 

manufacturer. 

3.3 The data aquisition system 

This mainly consists of a Keithley 409 picoammeter with its 3 V outlet connected 

to: 

(1) a Hewlett-Packard HP7101B strip chart recorder; 

(2) an R.C. damping network with an integration time of about 25 ms, averaging the 

noise from the photomultiplier output to make the signal fit for digital sampling by a 

personal computer using a PC Lab 718 card. The A/D converter sampling the 

picoammeter output is controlled by the same (Turbo Pascal) software that drives the 

stepping motor of the monochromator grating. The motor drive module that links the 

serial output of the PC to the stepping motor is so--called "Spectralink", also by 

Jobin-Yvon. 
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The problem encountered in the early stages of designing the optical system to use 

was: ''Where does the light arriving at the photomultiplier originate from?" In other 

words: how much radiation from a certain portion of the plasma is transmitted through 

the optical system? The next chapter deals with this problem in a general way. 
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4. INTERMEZZO: OPTICAL SYSTEMS AND DETECTION VOLUMINA 

This chapter deals with the evaluation of the applied measuring methad in the 

sense that it examines the characteristics of the optical system as described in the last 

chapter and some other systems as well. It therefore is an independent piece that may be 

regarded as an extra feature: the reader may skipit and continue with the next chapter 

without problems. 

4.1 Introduction: detection volumes related toAbel inversion 

At the end of the last chapter an important question was raised with regard to 

optical imaging of a plasma for spectroscopie purposes: which portion of the observed 

plasma is to which measure responsible for the signal from the photomultiplier? 

Let us take a look at figure 4.1, where a very elementary set up is sketched for 

laterally scanning an expanding plasma beam (seen head on) using a very simple optical 

system consisting of a lens and a detector, the lens imaging the center of the plasma on 

the detector. The entire system can be moved in the vertical plane to scan the plasma 

beam. 

x 

Figure 4.1. A basic plasma scanning set up. 

The definition of a detection volume for a given optical system is, then, the extent of the 

region of the souree (in our case the expanding plasma) from which radiation may pass 
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through the optical system and re ach the detector. 

An important reason to examine detection volumina is the possible application of 

Abel inversion: a mathematica! operation making it possible to obtain a radial intensity 

profile I(r) from the lateral intensity data I(x) [NOW87]. The Abel inversion in its 

mathematica! pure form assumes a line integral be taken along the 11 line of sight 11 (the 

optical - or z - axis in fig. 4.1). In practice this is not possible but a good 

approximation would be obtained in the case of a long and narrow (we will specify these 

characterisations shortly) detection volume scanning the plasma. 

4.2 A useful detection volume 

In figure 4.2 a detection volume as it may actually occur is sketched: it has a 

conical form, the dimensions of which depend on optical system characteristics. 

Figure 4.2. A realistic detection volume. 

To be of use for Abel inversion purposes, such a detection volume would have to 

meet the following demands: 

(1) The maximum x- and y-extensions should be small compared to representative 

gradient lengths in the observed plasma, i.e. in the x,y-plane the observed part of the 

plasma should be fairly homogeneous. 

(2) If the detection volume is divided into slices of equal thickness !:l.z, the total 

transmission efficiency of all slices has to be equal. Stated in another way: if the 

detection volume would abserve a homogeneaus and isotropie radiation field all the slices 
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would have to make identical contributions to the total quantity of radiation 

transmitted through the optical system per unit time. lt is mainly this condition the 

remairring of this chapter is dealing with. 

4.3 The computer model 

Several computer programs have been written in our group to explore detection 

volumina, but a definite condusion could never be drawn [KR088) and thus a new 

program (in Pascal language) was written to verify the conditions stated above. The 

precise methods used will not be discussed here, but are described in detail in a user's 

manual present in our group. In this section we will mainly discuss the principles and the 

results of the calculations. 

(a) The Principles 

These are really very simple. The program calculates the way separate light rays 

traverse the system, which may consist of a number of optical items of four different 

types: 

-lenses; 

-drift spaces; 

- ( circular) diaphragms; 

- (monochromator) slits. 

The light path is deduced following simple Gaussian opties, i.e. for the main angles 

concerned the approximation sin a ~ a is used: an approximation certainly valid if 

aS 0.2 rad, a condition easily met by most of the used optica! systems. Abberations 

were not taken into account. Their effect, however, has been estimated [JAM69) and 

found to be negligible. As we only consider relative destributions the reflectance of 

mirrors and the transmittance of lenses has not been taken into account. 

The program makes a three dimensional scan of the detection volume, assigning to 

each point of an x,y,z grid a transmission efficiency, and integrates these values for all 

(x,y) at a fixed z-interval (zE [z-0.5dz, z+0.5dz]). In this way the total transmission 

efficiency (by our definition) for each slice of thickness dz is obtained. The spatial 

extent of the detection volume is deduced from the x and y values at fixed z where 
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the transmission efficiency becomes zero. 

(b) The results 

Two basic types of optical systems were "screened" with the program: the fully 

cylinder symmetrie "fiber system" (figure 4.3 A) and the "standard system", in 

operation in many set-ups within our group and described inthelast chapter (fig 4.3 B). 

+ 

L 

A. OPT/CAL FIBER SYSTEH 

2 ><]._____• _____;..C>1<J>i 
L, L~ D L3 f1 

B. ITA.VDARD OPTICAL sYIT'EN 

Actually the calculations were carried out for several specific cases of the above system 

types. 

For bath system types the most important results for typical cases are shown in 

figs. 4.4- 4. 7. The system parameters were: 

(a) Fiber system: 

- L: focallength 100 mm, radius 43 mm; 

- Fiber: radius 0.5 mm; 

- distance fiber-lens: 125 mm. 
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(b) Standard system (as secribed in chapter 3): 

- Lb L2: focallength 500 mm, radius 43 mm; 

- L3: focallength 100 mm, radius 22 mm; 

- D: radius 0.5 mm; 

- monochromator slit: height 20 mm, width 20 tJm; 

-equidistant part: 2000 mm. 

Especially figs. 4.4 and 4.5 need some extra explanation. 

Fig 4.4 shows so called iso transmission lines for a limited z range (where z = 0 is 

taken in the aperture plane of the system). These are lines connecting points in the (y,z) 

plane with equal transmission efficiency relative to the point with maximum 

transmission efficiency, which lies somewhere on the z axis. Note that only y ~ 0 

values are shown, as the fiber system is symmetrie with regard to the z axis: the plot in 

fig. 4.4 may be rotated about this axis to obtain the full three dimensional picture. 

Essentially the same is figure 4.5, only giving a larger z range. Of particular 

importance is the "O%" line, giving the spatial extent of the detection volume! As can 

be seen from figure 4.5 this extent in the y direction is a nearly straigth line from the 

(magnified) image of the fiber to the lens aperture limit. A similar picture can be 

obtained for the standard case yielding a waiste of radius 0.5 mm, and an extent of 

about 8.6 mm in the x and y directions at 50mm (in z direction) from this waiste 

- which is the 1:1 image of the pinhole used. 

In figures 4.6 and 4. 7, then, those often mentioned integrated transmission 

efficiencies for slices with equal thickness dz but different location on the z axis are 

presented. For both the fiber and the standard system the results are stunningly simple: 

ignoring some discretisation inaccuracies (relatively larger for the standard system, as 

efficiencies are less in that case) the integrated transmission efficiencies appear to be 

independent from z. 

In other words, and that is the basic outcome of this chapter: when placed in a 

homogeneaus and isotropie radiation field all slices with equal thickness contribute in 

equal amounts to the total transmitted radiative energy. 

Such an extremely simple result -after hours of calculation- led to lots of 

discussions, the results of which are outlined in the next section. 
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4.4 Interpretation of the results 

The results, and hence their interpretation, can be separated in two parts: (a) the 

spatial extent of the detection volume and (b) the integrated transmission efficiencies as 

a function of slice position. 

(a) Spatial Extent 

The fact that the spatial extent of the detection volume is so easily determined by 

pulling a straight line from the image of the limiting "device" (i.e. the fiber opening or 

the combination of diaphagm and monochromator entrance slit) and the aperture of the 

first lens of the optical system is explained using figure 4.8. In this figure, a very simple 

optical system is sketched, consisting of a lens with a fixed aperture and a ( circular) 

detector. 

t 

2.f 
..... 

/ 

Figure 4.8. The spatial extent of a detection volume. 

It is easy to verify that from every point in the shaded area a light ray can be 

found that traverses the optical system ending at the detector surface, thus contibuting 

to the total transmission of radiation. Note, that in this case -as in the fiber case- the 

detection volume is slightly asymmetrie, because of the fini te radius of the (image of the) 

detector. 
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(b) Integrated transmission efficiency 

Two ways of reasoning led us to believe that the results were in fact very 

understandable: 

(1) The first way uses an system analogous to the one in figure 4.8, but with a very 

narrow cicular diaphragm: figure 4.9. In this figure the total solid angle subtended by the 

aperture of the lens at the "image" of the diaphragm in the detection volume is divided 

in solid angle elements as sketched below the optical system. 

L 

Figure 4.9. The optical system used in the first way of reasoning. 

Consider two planes (perpendicular to the z-axis) A1 and A2• The distance of A2 

to the focal plane is twice as large as the distance from A1 to this plane. If we take a 

look at the solid angle element dO as it appears at A1 and at A2, it is easy to verify 

that in this case o-2 = 4o-1 for surface elements o- 11 o-2• So we may divide the solid angle 

subtended by o-2 at A1 into four parts, all equal to the solid angle subtended by o-1 in 

the focal plane. If we now assume A 1 and A2 to be perfect homogeneaus and isotropie 

radiators, the contribution of each surface element o- 1 of A1 coveres a Jour times as 
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large solid angle as a surface element of the same size (i.e. CJ2/4) of A2. The point is 

clear: at A11 an element of size CJ1 subtends asolid angle dO but at A2 an element of 

size CJ1 = CJ2/4 covers a solid angle d0/4. As CJ2 = 4CJ 11 however, the effects of solid 

angle and surface cancel: the radiation quantity traversing the system is the same for A1 

and A2. This argument holds for all solid angle elements making up the total solid angle 

of the aperture subtended at the focal point z = -2f. 

(2) The other way of reasoning is more conceptual. Consider an arbitrary optical 

system with an ( arbitrarily shaped) detector at one end and the detection volume at the 

other. 

Now, as the path of light rays is reversible, we start from the detector's side and 

follow any ray leaving the detector entering the optical system. Some rays will 

eventually "get lost" in the system, others will pass through the system and emerge from 

the aperture of the optical system, entering what we have called the detection volume. 

Befare reaching the image of the detector (and passing it) the rays that have 

traversed the system will pass through every plane that is -imaginarily- set up in the 

detection volume. If we now reverse the situation again, returning to the normal light 

ray direction, we can notice, that all the directions for which a light ray ( or, for that 

matter, a photon) will traverse the optical system and reach the detector surface are 

determined, but not the actual place where the photon is generated. As the number of 

directions is the same for any plane in the detection volume, one may argue that every 

plane in the detection volume (we especially consider plan es perpendicular to the z 

axis) has an equal con tribution to the tot al transmission efficiency. Thus, again in the 

case of a homogeneous, isotropie radiation field, all slices of equal thickness contribute to 

the total transmitted radiation quantity in equal amounts. 

This argument uses no special details for the optical systems considered. lt also 

applies to very non-ideal systems e.g. with non-eireular lenses or abberations. 

4.5 Conclusions 

We may now line up the results of this intermezzo: 

1. A detection volume (by the definition used here) extends in the z-direction all 

the way from infinity to the first lens aperture. The extent in the (x,y)-plane can be 
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deduced using very simple geometry. 

2. All slices of equal thickness in the detection volume contribute in equal amounts 

to the total transmitted radiation energy in the case of a homogeneous, isotropie 

radiation field. 

3. If the (x,y) extent of the detection volume is negligible or sufficiently small in 

comparison with characteristic plasma gradient lengths, the detection volumes of optical 

systems are suitable for Abel iversion purposes. 

4. The program used for the calculations may be used to campare total efficiencies 

of different op ti cal systems in the given approximation (i.e. no reflection etc.). 
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5. MEASUREMENTS PROGRAM AND RESULTS 

In this chapter we will outline the measurements performed to obtain values for the 

important plasma parameters electron temperature (Te), electron density (ne), and 

rotational and vibrational temperatures of the SiH radical, along with estimates of 

ionic species densities. 

5.1. The measurements program 

The measurements can be divided in four classes a, b, c, and d: 

(a) Calibration aspects 

This includes: * calibration of the system response in the wavelength region 

where measurements are performed, using a calibrated 

tungsten ribbon lamp situated at the center of the vessel (i.e. 

at the center of the plasma beam); 

* checking the dependenee of the photomultiplier output on 

entrance and exit slit widths; 

* checking the monochromator apparatus profile for different 

slit widths, using a low pressure Hg lamp situated in front of 

the pinhole (i.e. checking the monochromator dispersion 

relation, specified as 12 Á/mm). 

(b) Large wavelength region scans 

These were performed using low resolution (200 J.Lm slits, appendix 1) and 

relatively high scanning speed (2 Á/s) to get a general impression of the species present 

in the plasma jet. These and all following measurements could, at the time, only be 

performed at a distance of about 150 mm from the nozzle. Measurements closer to the 

nozzle could not be performed because of the window situation and measurements in 

front of the substrate proved very difficult because of deposition at the window there. 

The full scans were obtained for two plasma condition sets, as follows: 
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condition set 1: condition set 2: 

Are current: 60 A 30 A 

Are voltage: 80 V 65 V 

Vessel pressure: 1 mbar 1 mbar 

Argon flow: 60 sccfs 60 sccfs 

Silane flow: 0.5 sccfs 0.5 sccfs 

The two sets differ only in are conditions. A remark about the background pressure: the 

value given is approximate and showed a tendency to rise to about 1.2 mbar during 

extensive operation (several hours continuously). Set 1 was used as the basis for all 

following measurements as the deposition process seems to be optimum for these 

conditions [WIL91]. Measurements under the second condition set were merely 

performed to get a general impression of are current influence. 

(c) Simulation and measurements of the A2D.- X2II emission spectrum of SiH 

To obtain estimates for Tvib and Trot a computer program -also in Turbo 

Pascallanguage- was written to simulate theemission spectrum of SiH. This has been 

done befare for SiH by Perrin [PER80, PER83] and for the very analogous case of CH 

by Koulidiati [KOU90]. In cases where the emission spectrum cannot be fully resolved 

simulation has proven to be a powerful technique to obtain rotational and vibrational 

temperatures. The steps to simulate the spectrum are the following: 

1. Obtain all energy level positions of electronic, rotational and vibrationallevels for 

the A 2D. and the X2II state for J ~ 29.5 using formulae as given in appendix 2. 

2. Obtain values for the transition wavenumbers and wavelengths in vacuum using 

the appropriate selection rules and correct these to wavelengths in air (as we do not 

measure in vacuum; a correction in the order of 1 Á). 

3. Obtain line strengths using Franck-Condon factors, calculating Hönl-London 

factors and making use of formulae like (2.46). Line strengths were corrected for 

the system response curve (as obtained in 5.1 (a)) to make comparison with 

observed spectra possible. 

4. Convolute the spectrum obtained by the farmer steps with an apparatus profile of 
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triangular or Gaussian form and with arbitrary HWHM value. 

Details on the calculations can be found in appendix 2. 

The measured spectra were recorded on the x-t-recorder using 200 11m or 100 11m 

monochromator slits ( ~), ~ 2.4, 1.2 Á, resp.) for both condition sets. Because of low 

intensities, smaller slits could not be used. Larger slits would have resulted in a very 

poor resolution. 

( d) Detailed atomie line scans for different lateral positions 

Note: all the following measurements were performed under conditions as in set 1. 

The lateral intensity scans could only be performed at relatively large spatial intervals 

on ~x= 1 cm (if we take the x axis as the vertical axis andreserve the z coordinate 

for the optical axis as we did in chapter 4). This was a consequence of the lack of an 

automated positioning system at the time. Because of the size of the vessel window in 

front of the nozzle the scanning range was limited to about 10 cm: this is important as 

we could not perform lateral scans covering the whole plasma beam in this way. 

The following regions or separate line intensities were studied in this way, using 

fairly large slits (200 11m) and a moderate scanning speed of 1Á/s. 

* Si 1: 

* Si 11: 

* H 1: 

* Ar 1: 

5646-5698 Á 

4748-5006 Á 

3905 Á, 4102 Á 

6555 Á 

6722 Á 

634 7 Á, 6371 Á 

3856 Á, 3863 Á 

5p--4s transitions [STR68]; 

6p--4s; 

4s-3p; 

7d--4p; 

6d--4p. 

4p--4s; 

4p-3p. 

Ha (6563 Á), H,B ( 4862 Á), H'Y ( 4340 Á), HE (3970 Á). 

6965 Á 4p--4s. 

Figure 5.1 gives the positions of the upper levels of these lines. 
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Figure 5.1. Upper level positions and transitions of measured lines of different 

species; energy relative to the Si I ground state. 

Furthermore, the line profiles for Ha, H{3 and H 1 were recorded using a very low 

scanning speed (0.05 Á/s) and small slits (10 or 20~-tm). For Ha this was performed also 

for all lateral positions. After each line profile measurement the apparatus profile was 

checked (because we used adjustable slits) using a low pressure Hg lamp. 

5.2 Measurement results 

(a) Calibration 

We shall only present the response of the system here. Other calibration aspects as 

well as details can be found in appendix 1. Figure 5.2 gives the calculated transmission 

factors for 100 tt slit widths and two tungsten ribbon lamp (true) temperatures. The 

figure gives the factor needed to multiply the photomultiplier output (in A) with, to 

obtain the real intensity (in units [wm-2sr-1m-1]) as a function of wavelength. So a large 

factor represents a low transmittance of the optical system and/or a low response of the 
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photomultiplier and vica versa. 
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Figure 5.2. The calculated transmission factors to multipy the photomultiplier 

output with in order to obtain real intensities. 

The calibration was repeated several times and proved reproducible. The higher 

( true) temperature used to calibrate the region 3500-4500 Á increased the accuracy in 

this region as it leads to higher intensities there. This could not be maintained for larger 

wavelengths because wethen would have entered the photomultiplier saturation current 

region. As the two values for different temperatures do not coincide exactly at 4500 Á, 

we can estimate the accuracy of the calibration to be about 6-10 %. 

(b) Large wavelength region scans 

Two representative scans (3500-7000 Á) for the condition sets 1 and 2 are given in 

figure 5.3. We shall first discuss the most prominent features, as the spectra differ 

significantly from glow discharge silane spectra as obtained by Perrin and Kampas 

[PER80, KAM80]. 



50 measurements program and results 

To start with the 60 A scan, we are able to identify all important atomie lines in 

the spectrum as well as the prominent SiH molecular spectrum Some (molecular?) 

structures in the same region are not yet identified, however; see section 5.1 ( c ). Some 

very st rong lines we found in our early spectra appeared to Hg I lines (e.g. at 4359 Á) 
originating from TL straylight. Straylight could be reduced by turning off the TL lamps 

and use only ( dimmed) odinary bulbs and by reducing the slit height. Summarizing the 

features (details in appendix 3) we see in the 60 amps case: 

1. Many Si I atomie emisssion lines, notably: 3905 Á, 4102 Á, 5006 Á and many 

lines in the region 5500-6500 Á. Most important lines are indicated in figure 5.2. 

2. Some Si II lines: 3863, 3856, 6347, 6371 Á. 

3. The hydrogen Balmer series: Ha, H,B, H {, Hó, He. 

4. Weak Ar lines in the region 4100-4300 Á and some stronger Ar lines (e.g. 

6965 Á). 

5. The SiH molecular spectrum ((0,0) and (1,1) bands) in the region 4080-4250 Á .. 

The difference between the 30 amps and the 60 amps case is quite drastic: with the 

lower are current, only the H Balmer series, the lower excited level Si I lines (at 3905 

and 4102 Á, both 4p-3p transitions), the SiH molecular spectrum, and one single Ar 

line remain. 

We were able to estimate both electron temperatures and SiH vibrational 

temperatures for both currents (sections 5.2 ( c,d) and appendix 3). Anticipating these 

results the electron temperatures are listed below. 

30 Amps 

N 2500 K 

60 Amps 

N 5200 K 
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Figure 5. 3. Two typical spectra as measured with different are conditions. The 

amplification in the 30 amps case is 30% ofthat in the 60 amps case {full scale). 
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( c) SiH spectrum simulation and measurement 

Same examples of the simulated spectra (e.g. for different resolutions) are given in 

appendix 2, tagether with a detailed description of the calculations. The simulated 

spectra are very similar to those obtained by Perrin [PER80], giving us confidence in the 

calculations. 

We can discuss the way we obtained our estimates for rotational and vibrational 

temperatures by looking at figure 5.4, representing a measured SiH spectrum ( using 200 

J.Lm slits) at the center of the plasma beam with 60 amps are current and at figure 5.5, 

which is a simulation for Tvib = 5000 K and Trot= 3000 K using the appropriate 

resolution. 

By camparing figure 5.4 and 5.5, we can consider the problems associated with the 

measured SiH spectra in our case. To begin with, relative SiH intensities (e.g. 

compared with H Balmer lines) are very small in our case (fig. 5.3). In glow discharges 

[KAM80], the SiH spectrum is the main feature in the spectrum, facilitating 

comparison with simulations. 

Furthermore, in our case with the are burning on argon some persistent argon lines 

(present at 4159, 4164, 4182, 4191, and around 4200 Á) tagether with the H8-Si I 

combination at 4101/02 Á are present in the SiH region. Especially the argon lines 

near 4200 Á and the ( very st rong) combination around 4100 Á make comparison difficult 

as they are coïncident with prominent features (the (0,0) R-branch head at 4100 Á and 

the (1,1) Q2-branch head at 4199 Á) of the SiH spectra simulations. 

Finally, there are some band-like features present around 4117 and 4204 Á, the 

4117 system being fairly strong. We are not sure whether these are really molecular 

bands, but if they are they might be attributed to impurities: the preserree of the SiN 

molecule, for example, might explain the bands [PEA65] and also the blurred appearance 

of the system around 4172 Á so clearly separated in the simulation of figure 5.5. 

The above discussion is a summary of the problems associated with the comparison 

of calculations with the measurements, and thus with the determination of Tvib and 

Trot' as these temperatures are determined using relative peak heights within one 

simulation or measurement [PER83, PER80, KOU90]. To estimate the vibrational 
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Figure 5.4 . Registration of the SiH spectrum in the region 4080-4250 Á usmg 

200 !Jm slits, a.t an are current of 60 amps. The differences with the calculations (fig . 

5.5) around 4170 Á are nat quite understood. 

temperature, we used the relative heights of the (0,0) and (1,1) Q2 branch heads (at 

4142 and 4200 Á, respectively ), camparing measurements and simulations with the 

same resolution. For the rotational temperature we compared peak heights of the (0,0) 

and (1,1) Q2 branch heads and the (1,1) R branch heads around 4172 Á (however 

blurred) . As the disturbing Ar lines increase the peak heights of all the peaks 

mentioned but the (0,0) Q2 band head, the values for Trot and T vib should be 

regarcled as upper limits for their true values. This is a consequence of the specific 

dependenee of band head strengths on Trot and Tvib (appendix 2) . 

The measurements from which we extracted these temperatures for 30 and 60 

amps are current are shown in figure 5.6. The corresponding simulations are in figure 

5.7. The simulations have been corrected for the sensitivity of the set up for different 

wavelengths , as given by fig. 5.2. The results can be summarized as : 
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Figure 5.5. Spectrum si mulation for 200 Jl slits, taking into account the (0, 0 ), {1)), 

and (2,2) band systems for the A2L1 - X2II system of SiH. In this simulation, 

Tvib = 5000 K, Trot = 3000 K. Note the considerable difference with figure 5.4. 

Tvib (K) 

Trot (K) 

30 amps (fig.5.5A) 

2700 

2000 

60 amps (fig. 5.5 B) 

5600 

4000 

Before we continue to discuss the results from the more detailed measurements, the 

following intermezzo will give a brief review of some of the concepts we used to arrive at 

our results. 
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Figure 5. 6. SiH spectra measured for different are conditions at the center of the 

plasma jet. 
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Figure 5.1. The simulations, corrected for system senstivity, corresponding to the 

measured spectra and yielding the given rotational and vibrational temperatures . 
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Intermezzo: non-equilibrium plasmas 

To discuss non-equilibrium plasmas, we start by descrihing the ideal, full 

equilibrium plasma: the plasma in Thermadynamie Equilibrium (TE), which can be fully 

characterized by thermadynamie parameters as temperature and pressure [BIB87, 

MUL86]. For the moment we will consider a simple three component plasma, containing 

only electrons ( density ne), i ons ( ni) and atoms (na). Within the atoms and i ons -being 

multilevel particles- the ratio of densities of particles in the k-th and the 1-th states 

is given by the Boltzmann formula: 

(5.1) 

where gk and g1 denote the statistica[ weights of the levels and D.Ekl is the energy 

difference of states k and 1. The density of a certain level k can also be related to the 

total atom density na by writing: 

(5.2) 

where Ua is the atom partition function: 

(5.3) 

and Ek is the excitation energy of the atom measured from the ground state. 

If we assume only single ionized atoms to be present, the Saha equation links 

electron density, ion density, and (at om) excited level density: 

(5.4) 

where me denotes the electron mass and ge= 2. The ion partition function may often 
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be approximated by the statistica! weight of the ground state, as excited states usually 

lie at energies large compared to kT. The Saha and Boltzmann equations are sketched 

in figure 5.8 [SIJ88]. 

m~ 

'E 

~ 1025 

t 
1023 

1021 

0 4 8 

Figure 5. 8. The Saha and Boltzmann equations for an argon excitation and 

ionization system. 

The so called Saha jump in figure 5.8 is an important concept as it is determined 

uniquely by the temperature and electron density. We can define nÇ$)goo for an 

imaginary excited atom level at the ionization energy Ei and find from (5.4): 

n·n U:~"- [27ml kTJ 3
/
2 

~=..=..J...O..I:.· ~ noo goo h . (5.5) 

If a plasma contains more species, (5.4) has to be used separately for each of them. 

By using expressions (5.2) and (5.4) for the equilibrium population nkfgk, and 

assuming ne = n + in a one--component plasma, the equilibrium distributions depend 

only on ne (or na), Te, and the properties of the specific species. 

TE is a very idealized situation: the best one can obtain in the Iabaratory is the so 

called Local Thermadynamie Equilibrium (LTE), for which a temperature is valid for a 

certain spatial region only. The above equations, however, hold for LTE as well within a 

spatial region where a local temperature can be defined. 

Unfortunately, LTE requires very high electron densities [SIJ88]: ne ~ 1022 m-3 

and this is certainly not the case in our expanding plasma, where ne values in the order 
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of 1017-1018 m-3 are to be expected. We therefore have to consider deviations from LTE: 

the non-equilibrium plasmas. We can consider the differences (compared to LTE) in 

level populations [BIB87J by looking at the Boltzmann and Saha equations for 

non-equilibrium plasmas: figure 5.9 [MUL86J. The Boltzmann line is linked to the atom 

ground state, whereas the Saha line is linked to the continuum. In non LTE plasmas, 

Saha and Boltzmann lines are not coïncident. 
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Figure 5.9. Left: an ionizing system {thick lines represent level population), right: a 

recombining system. The symbol "' = njg indicates number density per statistical weight. 

We consider two types of deviations from L TE: 

1. ionizing systems: the Saha line lies below the Boltzmann line: the lower excited 

levels are overpopulated in comparison with the LTE case. Ionization outweighs 

recombination for these systems. 

2. recombining systems: the Saha line lies above the Boltzmann line, resulting in the 

lower excited states to be underpopulated in comparison with the LTE case. In 

these systems, recombination outweighs ionization. 

In both cases we can see from figure 5.9, that the higher excited levels are in 11 Saha 

equilibrium with the continuum11
, i.e. their positions in the diagram are described by the 

Saha equation for the specific non-equilibrium case. Also, at a certain energy (measured 

from the ionization energy) some cri ticallevel can be defined as the level where the Saha 

description begins to fail. Above this energy, the level population is determined by a 

balance of electron ionization and three partiele recombination, whereas the population 

of lower energy levels is dominated by radiative processes and electron (de-)excitation 

[MUL86, BIB87]. This critical level is important as, above this level, the level 

population is described by Saha and the slope of the Saha line drawn through these levels 
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gives the electron temperature (eq. 5.4). We shall designate this temperature by Te in 

cases where confusion with electronic energy terms in molecular spectroscopy is unlikely. 

The region where the Saha equation describes the energy levels distribution is called the 

Partial Local Thermadynamie Equilibrium (PLTE) regionor the Saha region. 

Sï I ENER.GY LEVELS Dw~RAM S[ Jl [NaG; LEvEL~ DtAG1V.t1. 

(ts)yzs/{2p)6(3s)Y ... ) / (ts)''{<.s)'(:;.d(3s)'(3p)(, .. ) : (ss)(:rp)(.) 
;J• 5 p d i ~ 5 p d. 
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Figure 5.1 0. Energy levels diagrams for silicon atoms and ions. The right column in 

each diagram represents the excitation of a {3s) instead of a {3p) electron. The 

ionization potential of argon is indicated in the Si IJ diagram. 

In our case, we assume to have a recombining plasma, where ne is low (a bout 

1018 m-3), and to determine electron temperatures we must work in the Saha region, 

according to the above considerations. To get an indication of the extent of the Saha 

region, Eiberman [BIB87] gives a formula for estimating the energy of the criticallevel, 

above which the level population is described by the Saha equation. This energy Ec is 

measured from the continuurn and depends on Te and ne: 

(eV), (5.6) 
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where ne is measured in m-3 and kTe is measured in eV. This criticallevel energy 

has a value around 0.5 eV in our case (anticipating the results a bit: ne rv 10 18 m-3, 

Te rv 5000 K). 

To end this intermezzo, figure 5.10 gives the approximate energy level positions of 

the Si I atom and the Si II ion [BAS75} to facilitate discussion later and also to get an 

impression where the PLTE region is situated in the Si I-system. Anticipating later 

discussions the argon ionization potential -as measured from the atom ground state of 

Si I- is indicated in the diagram for Si II. 

(d) Detailed atomie line intensity measurements on different lateral positions 

This section deals with line intensity measurements for different lateral positions 

and the results extracted from these measurements, taking into account the 

considerations of the intermezzo. 

The lateral measurements were Abel inverted ([BER91]) in order to obtain radial 
profiles from the lateral scans. The inaccuracy of these Abel inverted data may be 

considerable, as we could only measure at a few lateral positions at the time (a bout 10 

points, as mentioned before) and, even more important, we could not scan the whole 

plasma beam for some lines. This means that we had to extrapolate in some cases (e.g. 

H,B, fig. 5.11) and this limits the accuracy of the Abel inverted (radial) profiles. The 

Abel inverted results for lines of all species present in the plasma jet are given in figure 

5.11. As we apparently do not have hollow profiles the extrapolation may not have a 

very large effect. 

It can be seen from this figure, that the Si+ ions seem to be concentrated more to 

the center of the beam, whereas especially the hydragen atoms appear to have wider 

wings. The figure gives us some idea of the dimensions of the plasma jet at the place we 

measure (150 mm from the nozzle). 
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Calculations of electron and ion densities and electron temperatures 

We can now calculate electron densities and temperatures at different radial 

positions from our Abel inverted data. The procedure followed to arrive at these 

parameter values can be divided into 6 steps; each step will consist of a description of 

the calculation procedure and examples of experimental data used. 
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Figure 5.11. Abel inverted {normalized} radial (function of R} profiles of line 

intensities for specific lines of all the species present in the plasma. Wavelengths are in 

Angstroms. 

Step 1 

To estimate distribution temperatures we used the results from the large 

wavelength region scans and constructed a Boltzmann plot using relative rather than 

absolute measurements. These Boltzmann plots are shown for the hydragen lines in the 

spectra in figure 5.12, both for the 30 A and the 60 A case. For the Si I lines in the 

spectrum (60 A are current only) the results are given in figure 5.13. To arrive at these 

plots we had to correct the measured line intensities for the system senstivity (figure 5.2) 

and calculate relative upper level populations [SIJ88] : 
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p level population per statistica! weight ex I 1 arb ·)À, 
pq'gp 

where À is the wavelength of the transition, I( arb.) is the line intensity in arbitrary 

units (e.g. photomultiplier output current corrected for system sensitivity) and Apq is 

the transition probability of the transition [s-1]. Because the temperature estimates only 

use the slope of the curve, we need not consider the plasma jet diameter and other 

quantities used for absolute measurements (appendix 3). The accuracy of these slope 

determinations is limited (because of scattered measurement points) to a bout 20 % for 

hydragen or even 50 % for silicon. 
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Figure 5.12. Left: Boltzmann plot for hydragen lines in the case of 60 A are current. 

Right: Plot for 30 A are current {hydrogen Ha-H'Y lines only). The temperatures of 

distribution (Td) for the lines drawn are given in the figure. 

From the results in figures 5.12 and 5.13 we can conclude: 

1. The distribution on excited levels resembles the recombination case of figure 5.9 . 

The lower energy levels are underpopulated: if we, as indicated in figure 5.12, use 

the ( 4s) level in determining the slope of the line, we obtain a very high 

temperature, too high to be reasonable [KR088]. The temperature determined 

using only the higher excited states adjacent to the continuurn gives more 

reasonable data. For hydragen lines, the same can be concluded. 

14.00 
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2. The measurements give us a first estimate of an important plasma parameter, the 

electron temperature, which should be equal to the distribution temperature in the 

Saha region near (Ec being about 0.5 eV in our case) the ionization level. The 

temperature in the 30 A case should be considered no more than a rough guess, as 

we have only two energy levels - if we exclude Ha- which may not even be in 

Saha equilibrium. 
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Figure 5.13. Distribution temperatures determined from Si I level populations 

{60 A are current). One distribution temperature is found using only higher excited states 

{4500 K) while the other also included the (4s) levels. Data for the {5p) and {6p) levels 

were averaged to obtain the lines drawn. The peculiar position of the 7d levels is not quite 

understood. 

We can use the absolute values of (n/g), as calculated from the absolute (Abel 

inverted) measurements (5.1( d)), to obtain estimates for the electron temperature at 

different radial positions from the center of the plasma jet Te(R). The calculation of 

( n/ g) for up per energy levels of observed transitions is outlined in appendix 3. An 

example of the calculation of a distribution temperature for the central position (R = 0) 

is given in figure 5.14. The temperatures determined in this way for radial positions 

R = 0-30 mm are given in figure 5.15. 
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Step 2 

In principle, we could now calculate the electron density from the Saha equation, 

using our absolute measurements of (n/g) for silicon atoms and ions by using eq. (5.4) 

with, as a first approximation, n(Si +) ~ ne. However, the thus obtained value for ne 

would be strongly dependent on the assumed value of the electron temperature (Te3/ 2 

and exp(-C/Te)), yielding large errors ifwe use the distribution temperatures as given 
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Figure 5.14 {left). The determination of Td using absolute measurements of silicon 

atom excited level populations (per statistica[ weight) for the center ofthe plasma jet 

Figure 5.15 (right). The distribution temperatures {Td) determined in this way for 

different radial positions. 

in fig. 5.15 to calculate ne. Therefore, we have to correct these temperatures using our 

absolute measurements. This is done by replacing n+ = n(Si+) by: 

(5.7) 

in the Saha equation. Note that this is a dangerous step, as we now introduce a 

Boltzmann distribution for the ion levels distribution in a situation that is non-LTE. In 

(5.7), q denotes an excited silicon ion state. As a first assumption, we now take 

n+ = ne and combine (5.7) and (5.4) to obtain: 

30 
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(5.8) 

where C:: (27riD.ek/h2)
3/ 2. We can now calculate the value of Te in (5.8) by using our 

measurements of (n/g)q + and (n/g)p for silicon. We shall precise the temperature 

values obtained in this manner further below. 

Step 3. 

A very interesting plasma parameter is the ratio between ion concentrations of 

different species. Again using our absolute measurements we can determine the relative 

concentrations of Si+, H+, and Ar+ ions. We can write the Saha equation separately for 

each of the species and thus calculate the ratio of ion concentrations by dividing the 

Saha equations, cancelling out ne and reducing the influence of Te. We obtain, for 

example, for the ratio of silicon and argon ion concentrations: 

(5.9) 

where p denotes an argon excited level, whereas q denotes a silicon excited level. We 

have chosen atomie emission lines with upper levels such that the energy difference with 

the ionization potential is about equal for both levels, minimizing the temperature 

influence on n(Ar+)fn(Si+). The same procedure was foliowed to obtain the ratio of 

hydrogen and argon atomie ions. For distances from the center of the plasma jet of 

0-30 mm we obtained the same ratios (± 30%), which are the following: 

J1(Ar+) ~ 2_ 
fiGSl1 

As these values are not very strongly dependent on the electron temperature 

([Ei-EP)ar-[Ei-Eq)si has a value close to zero, 0.1-0.3 eV) and as ne cancels out we 

will consider them as a good approximation. As a matter of fact, we could have started 

by calculating these ratios from the relative level densities of the species, using 
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distribution temperatures from the Boltzmann plots (figs. 5.13, 5.14). 

Step 4. 

After these results, we turn again to our original purpose of precizing our value for 

the electron temperature. We can use the sameapproach and the same data as we did in 

step 2 to get a better approximation for Te, if we insert: 

instead of our original assumption ne ~ n(Si+). The electron temperatures obtained by 

this two-step approximation procedure for R = 0-30 mm are given in figure 5.16. 
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Figure 5.16 {left). Electron temperatures for different radial positions as calculated 

using absolute measurements of level populations and eq.{5.8). 

Figure 5.17 (right) Electron densities for different radial positions as calculated 

using the Saha equation and the temperatures of fig. 5.16. 

Step 5. 

We can now use the Saha equation (for silicon) in the following form (cf. eq. (5.8)): 

(5.10) 

30 
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to calculate electron densities for different radial positions, again using our absolute 

measurements of level populations and the corrected electron temperatures from figure 

5.16. These are presented in figure 5.17. The silicon ion density as well as the argon ion 

density can be easily deduced from the electron density using ne ~ 3 · n(Si +) and the ion 

concentratien ratios, as given in step 3. 

Line profile measurements 

As mentioned, we also performed simple line profile measurements for hydragen 

lines, for Ha on all lateral positions. The widths of these profiles appeared to be 

independent from lateral position and independent from the hydragen line chosen. The 

last observation excludes Stark broadening [GRA89) as a dominant line-broadening 

effect since it should be much larger for H,B than for Ha, for example. This leaves 

Doppier broadening as a candidate for the line profile "shaper", but it turned out to be 

difficult to deconvolute the monochromator apparatus profile and the line profile as the 

line profile is assymmetric (neither Gaussian nor Lorentzian). If we assume the line 

profile to by Lorentzian, we can simply subtract HWHM values of line profile and 

apparatus profile and obtain a lower limit for Doppier line broadening [GRA89) and, 

thus, for the random veloeities of H atoms, yielding a heavy parides temperature for H 

atoms. This lower limit is about 4000 K (60 A). 

5.3. Summary 

We can now summarize the results obtained by the emission spectroscopy 

experiments as fellows: 

* 

* 
* 

The expanding plasma beam is a recombining plasma containing the emitting 

species H, Ar, Si, Si+, and SiR. 

Electron densities are in the order of 1018 m-3 (60 A current). 

Electronic, vibrational, and rotational temperatures are (at the center of the 

plasma beam): 
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60 A are eurren t 

5000 K 

< 5600 K 

< 4000 K 

( Question marks denote rough estimates) 

30 A are eurrent 

2500 K ? 

< 2700 K 

2000 K ? 

* Atomie ion eoneentration ratios (60 A) are given by: 
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6. DISCUSSION, CONCLUSIONS, RECOMMENDATIONS 

6.1. Discussion: kinetics of the plasma jet 

As we have obtained the values of several plasma parameters we can now make 

some assumptions of the processes determining these parameters. To do so, we can start 

from the imaginary point where the silane is not injected in the expansion but in the 

easeaded are itself. 

In the are, electron temperatures are typically in the order of kTe = 1 eV, whereas 

ne is about 1022 m-3 [GRA89, KR088, BEU89], very different values indeed from those 

measured in the expansion. If we assume the silane (if it is injected in the are channel) to 

be completely dissociated by electron collisions, this results in the formation of one Si 

atom and four H atoms in the first place. We can take the same flows as used in our 

experiment and find out in which ratios these atoms and the Ar atoms are ionized in 

the are (SiH4 flow= 0.5 sccjs, Ar flow= 60 sccfs). 

We can use the ionization potentials of each of the species involved to estimate the 

relative ion concentrations. This estimate assumes a close to LTE situation; production 

of radicals and ions arises mainly due to electron collisions with rate coefficients in the 

order of 10-18 m3fs and 10-2o m3fs, respectively. The total ion fraction in the are 

plasma is known to be about 10% at 60 A [GRA89, KR088], so according to the 

ionization potentials of the species (8.15 eV, 13.6 eV, and 15.8 eV for Si, H, and Ar, 

respectively) all Si and H atoms will be ionized first. As the partiele fraction for these 

atoms (after full dissociation) is about 0.8 % and 3.2 %, respectively, this will be the 

ions concentrations for these species. If we, then, assume the total ionization degree to be 

constant at about 10 %, some 6 % argon ions are formed in addition to the Si+ and 

H+ fractions mentioned. 

With these roughly estimated values for ion fractions for injection in the are in 

mind, we can take a look at the situation dealt with in this report, where the silane is 

injected in the expansion. The situation is very different: ne and Te values are much 

lower. Because the ra te constants for ionization and dissociation become very small for 

low Te values (around 0.4 eV in the expansion) [TIM84) we can presumably neglect 
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the effect of electron collisions in the dissociation and ionization processes. This means 

we will have to find other processes to account for the observed ion concentratien ratios 

(R+: negligible, n(Si+) : n(Ar+) rv 1:2). We may explain the results by consiclering the 

following charge exchangejdissociative recombination reactions: 

Ar++ SiR4 -+ SiR4 ++Ar (1) 

SiR4+ + e- -+ SiR3 + R 

Ar++ SiR3 -+ SiR3 ++Ar (2) 
SiR 3++e- -+ SiR2 + R 

Ar++ SiR2 -+ SiR2 ++Ar (3) 
SiR2+ + e- -+SiR+ R 

Ar++ SiR -+SiR+ + Ar (4) 

SiR++ e- -+Si+ R 

Ar++ Si -+ Si+ + Ar (5) 
+ 

5 Ar+ + SiR4 + 4 e- -+ Si+ + 4 R + 5 Ar (6.1) 

Each charge ex(:hange process is followed by a dissociative recombination process, m 

which the formed molecule dissociates. The species formed presumably appear in excited 

states ( especially in dissociative recombination). 

To discuss the processes in (6.1) we have to mention that cross sections for the 

charge exchange reactions with Ar+ are usually very large and these processes are 

expected to be much faster than electron processes in the expansion (ra te coefficients 

typically a few 10-15 m3 fs if there is a good energy match between the exchanging 

levels). The dissociative recombination processes following the charge exchanges have 

even larger ra te constants (a few times 10-14 m 3 f s). Furthermore, the formed radicals 

and atoms can appear in excited states and probably explain the very existence of the 

observed emission spectra from the Si, Si+ and SiR particles at such low electron 

temperatures and electron densities. 

To explain why Si+ ions are formed through charge exchange channels and R+ 

protons are not, we need to consider the energy levels diagram for Si II as given in 

chapter 5. If we look at the position of the argon ion ground state in this diagram, it can 

be seen that a near-resonance process can take place between Si atoms and Ar+ ions, 
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leaving the formed Si+ ion in one of the excited states nearby the Ar ionization 

potential. We observed theemission originating from the (3s)2(4p) excited state of Si+, 

giving us some confidence in this view: emission from other nearby levels, notably 

(3s )2( 4s) is in the vacuum ultraviolet region [BAS75, WIE69] and thus not observable in 

our case. 

For an eventual charge exchange process between H and Ar+ the situation is 

more difficult as the proton has no electronic energy levels. This makes resonant 

processes impossible, resulting in lower rate coefficients for the following reaction: 

(6.2) 

If we assume the expanding are plasma in argon to have an ionization degree of 

about 10 % and we inject about 0.8 % SiH4, this results in 0.8 % silicon ions if the 

above reactions (1-5) are dominant, at the cost of 5 Ar+ ionsper Si+ ion. This leaves 

an Ar+ ion fraction of a bout 10 - 5 · 0.8 = 6 %, that is if no other i anization losses 

occur. As we find an n(Si+)/n(Ar+) ratio of 1/2, while the H+ fraction is negligible 

some additional losses are to be expected. A possible ionization loss process is a direct 

charge exchange with hydragen molecules [GRA90]: 

H2 + Ar+ -+ ArH+ + H 

ArH+ + e- -+Ar + H (6.3) 

accounting for Ar+ losses. Rate constants for the reactions (6.3) are about 10-15 m 3/s 

for the first step and very large, about 10-13 m 3/s, for the second step. As the hydragen 

produced in the second step of (6.3) may appear in excited states, the reactions (6.3) 

may well account for the hydragen emission observed (especially in the 30 A case). This 

is confirmed by test measurements of the spectroscopie set up, using only argon: the 

strongest Balmer lines were distinctly present in these argon spectra. The hydragen 

molecules necessary for the reactions (6.3) may originate from the walls of the steel 

vacuum vessel, as the machine produces hydragen by the reactions (6.1) during 

operation and it is known that hydragen may stick to the steel walls and enter the 

plasma again, causing ionization losses by the above process. Besides, reactions (6.3) 
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could also occur by charge exchange between argon ions and silane debris, e.g. 

Ar+ + SiH2 -1 SiH+ + H* + Ar. 

Another possible cause for a decrease in ion concentrations may be found in volume 

effects (expansion). This is observed in a pure argon expanding are plasma by Thomson 

Scattering measurements [SAN91). 

Any hydragen i ons produced by ( unlikely) charge exchange with argon ions 

(reaction (6.2)) will disappear in the presence of vibrationally excited hydragen 

molecules by the following charge exchange/dissociative recombination process [GRA90): 

H+ + H2(v>3) 

H2 + + e-
-1 H + + H· 

2 ' 

-1 2 H. (6.3) 

This reaction can also produce excited hydragen atoms. It is, however, unlikely that it is 

responsible for the hydragen emission ( again especially in the 30 A case) as we measure 

such very low H+ concentrations. 

The above discussion is not directly deduceable from the measurements results, but 

at least it makes the measurements qualitatively understandable. The reaction chain 

( 6.1) may skip some steps if charge exchange induces immedia te dissociation. If 

dissociation energies are not too large, electron collisions could also be responsible for 

some dissociation (des pi te their low energies ). 

6.2. Discussion: absolute ion concentrations and electron temperatures 

We can make some more estimates to see how the calculated Si+ concentrations 

campare to the silicon density estimated from the SiH4 mass flow. Therefore we can 

estimate the density of silicon particles ( atoms and ions) by calculating the amount of 

seeded silicon, as we have a value fortheinput silane flow. 

We therefore estimate the radius of the plasma beam at the point we are measuring 

(150 mm from the nozzle: ± 50 mm) and calculate the surface 1rR2 ~ 1r· 2.5·10-3 m2. If 

we assume a velocity of about 600 mfs [KR088), the "volume flux" through the surface 

is equal to a bout 4. 7 m3s-1• The seed-in flow is known to be 0.5 sccfs, which is 

equivalent to 1.25 ·1019 particles per second injected in the beam: we can thus estimate 
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the Si partiele density in the beam to be equal to 2.7·1018 m-3. The Si+ density 

deduced from the electron density measurements is in the order of 1.5 ·1018 /3 = 

5·1017 m-3. This calculation is very sensitive to the beam diameter, but at least the 

values of n(Si+) and the seed-in mass flow do not contradict. 

About the electron temperature we can say that the values seem to fit with the 

vibrational tempertmes as found for the SiH radical. We can also campare them with 

temperatures measured by Thomson scattering measurements in a pure argon expanding 

are plasma which are in the order of 2500 K for a background pressure of 0.5 mbar and 

an are current of 45 A. Even if we consider the differences in are current, background 

pressure, and nozzle structure (which may partially explain the differences in 

temperature) it seems that Thomson Scattering gives somewhat lower temperatures than 

our spectroscopie measurements. 

6.3 Conclusions 

* 

* 

* 

From our measurements, we can conclude: 

The expanding argon plasma jet with silane injected in the expansion is an example 

of a recombining plasma, with electron densities (for an are current of 60 A and at 

a distance of 150 mm from the nozzle) in the order of 1-2·1018 m-3 and emission by 

Si, Si+, H, Ar, and SiH particles. 

Electron temperatures are about 5000 K in the 60 A case, and probably about 

2500 K in the 30 A case. Estimates for the vibrational temperatures of the 

emitting SiH radical seem to confirm these values. 

To explain the observed density ratio for silicon and argon ions (1:2) a reaction 

chain ( 6.1) leading to the production of Si+ ions by charge exchange and 

dissociative recombination may be used. In this view, the argon ions coming out of 

the are are some kind of a "ionization reservoir" for charge exchange processes with 

silane reaction products and silicon atoms. Some extra loss of ionization may be 

explained by molecular processes with hydragen molecules coming from the vessel 

walls. A change in ion concentrations also may result from volume effects. 
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Emission spectroscopy, however simplein our case, can give a first characterization 

of the plasma jet and thus may be considered a valuable plasma diagnostic. 

6.4 Recommendations 

As this study gave us approximate valnes for the important plasma parameters, we 

can look ahead and give some suggestions for further research: 

* 

* 

* 

* 

First, theemission spectroscopy experiment -built and evaluated in its simple form 

during this graduation project- has to be (and will be) extended using more 

sophisticated data aquisition systems, such as photon counting combined with a 

caoled photomultiplier, which could rednee the noise level appreciably. This would 

make more accurate measurements possible: e.g. the SiH ernission spectrum might 

be registrated with larger resolution, making a more exact determination of 

rotational and vibrational temperatures possible. An automated positioning system 

(the automation will be effected by the time this report is printed) would make 

more - and more accurate - lateral measurements possible, increasing the potential 

for reliable Abel inversion of the measurements. 

To obtain more information about the distribution of plasma parameters along the 

expansion axis, especially in the shock wave region near the nozzle, more vessel 

windows ( or a larger one) are necessary. Another option wi th the same resul ts is to 

move the cascaded are itself instead of the optical system. 

A thorough continuurn analysis could yield extra information about electron 

densities and electron temperatures without changing the present spectroscopy set 

up. [WIL91]. 

Many of the silicon atom and ion emission lines have wavelengths in the region of 

2000-3000 Á [STR68]. To ob serve these transitions, quartz lenses and a quartz 

vessel window would be necessary, as glass cuts off wavelenghts below 3500 Á. 
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In relation with the previous suggestion, a very interesting option would be to 

instaU an absorption rather than an emission spectroscopy experiment - also for 

the ultraviolet region. In this manner ground state densities for atoms and ions 

could be measured, as well as the absorption spectrum of the SiH2 radical 

[DUB68). 

In general, it is necessary to measure ne and Te in an independent way, for 

example by using a Langmuir probe [GRA90J or Thomson scattering [SAN91] to 

precise spectroscopie data and give more 1eliable results for plasma parameters. 



76 literature 

[BAS75] 

[BER91] 

[BEU89] 

LITERATURE 

Bashkin S., Stoner jr. J.O, Atomie Energy Levels and Grotrian Diagrams 1, 

North Holland, Amsterdam, 1975. 

Vd Bereken R, Van Broekhoven J, internal report, to be published, 1991. 

Beulens J.J, Kroesen G.M.W, Schram D.C, Bachmann P.K, Lydtin H, 

Wiechert D.U, Surface Modification Technologies III, proc. 1989. 

[BEU90] Beulens J.J, Buuron A.J.M, Bisschops L.A, Bisschops T.H.J, Hüsken 

A.B.M, Kroesen G.M.W, Meeusen G.J, Timmermans C.J, Wilhers A.T.M, 

Schram D.C, Coloque de Pysique C5, suppl. au no. 18, 51, 1990. 

[BIB87) 

[CAR78) 

[DUB68) 

[GAS74) 

[GRA89) 

[GRA90) 

Eiberman L.M, Vorob'ev V.S, Yakubov I.T: Kinetics of Nonequilibrium 

Low-Temperature Plasmas, Plenum N.Y., 1987. 

Carlson T.A., Duric N., Erman P .,Larsson M., J. Phys. B: Atom. and 

Molec. Phys. 11, no. 21, 3667, 1978. 

Dubais I, Can. Journ. of Phys. 46, 2485, 1968. 

Gasiorowicz S., Quanturn Physics, Wiley N.Y., 1974. 

De Graaf M, Master Thesis, Eindhoven University of Technology, Dept. of 

Phys., no. VDF/NT 89-25. 

De Graaf M.J, Dahiya R.P, Jauberteau J.L, De Hoog F.J, Van de Sanden 

M.J.F, Scram D.C, Colloque de Physique C5, suppl au no.18, 51, 1990. 

[HER50) Herzberg G, Molecular Spectra and Molecular Structure, part I: Spectra of 

Diatomic Molecules, Van Nostrand, Princeton N.Y., 1950. 

[HER71) Herzberg G, The Spectra and Structure of Simple Free Radicals, Cornell 

University Press, 1971. 

[HER79) Herzberg G, Huber, K, Molecular Spectra and Molecular Structure, part IV: 

[JAM69) 

[KAM80) 

[KLY66] 

[KLY79) 

[KOU90] 

Constantsof Diatomic Molecules, Van Nostrand, Princeton N.Y., 1979. 

James J.F, Sternberg R.S, The Design of Optical Spectrometers, Chapman 

and Hall, London, 1969. 

Kampas F.J, Griffith, R.W, Solar Cells 2_, 385, 1980. 

Klynning L, Lindgren B, Ark. Fys. 33, 73, 1966. 

Klynning L, Lindgren B, Sassenberg U, Physica Scripta 20,617,1979. 

Koulidiati J, Czernichowski A, Beulens J.J, Schram D.C, Colloque de 

Physique C5, suppl. no. 18, 51, 1990. 



literature 77 

[KOV69] Kovacs I, Rotational Structure in the Spectra of Diatomic Molecules, Adam 

Hilger, London, 1969. 

[KR088) 

[MUL86] 

[NOW87) 

[PEA65] 

[PER80] 

[PER83] 

[PER89] 

[SAN91] 

[SCH90) 

[STR68) 

[SIJ88] 

[TIM84] 

[TIM88] 

[VEP89] 

[WEA87] 

[WIE69] 

[WIL91] 

Kroesen, G.M.W, Ph.D. Thesis Eindhoven University of Technology, 1988. 

vd Mullen J.J.A.M, Ph D. Thesis Eindhoven University of Technology, 

1986. 

Nowak S, Internal Report Eindhoven University of Technology, Dept. of 

Phys., no. VDF/NT 87-20 

Pearse R.W.B, Gaydon A.G: The Identification of Molecular Spectra, 

Chapman & Hallford, London, 1965. 

Perrin J, Delafosse E, J. Phys. D: Appl. Phys. 13, 759, 1980. 

Perrin J, PhD. Thesis University of Paris, LPNHE/XII/83, 1983. 

Perrin et al., Conf. Proc. ISPC-9, Puchnochiuso, Italy, 1989. 

Vd Sanden M.C.M, Janssen G.J, Schram D.C, Vd Sijde B, to be published, 

1991. 

Schram D.C, Kroesen G.M.W, Beulens J.J, J. of appl. Polymer science, 

Appl. Polymer Symp. 46, 1-16, 1990. 

Striganov A.R, Sventitskii N.S, Tables of Speetral Lines of Neutral and 

Ionized Atoms, Plenum, N.Y., 1968. 

Vd Sijde B, "Inleiding Plasmafysica", Eindhoven University of Technology, 

1988. 

Timmermans C.J, Ph.D. Thesis Eindhoven University of Technology, 1984. 

Timmermans, B, Bleize, J, "Het juiste gebruik van wolfraam bandlam pen", 

internal report Eindhoven University of Technology, no. VDF /NT 88-16, 

1988. 

Veprek Set al., Plasma Chem. and Plasma Proc., 10, 3, 1989. 

Weast R.C, Handhook of Chemistry and Physics, CRC press, 1987. 

Wiese W.L, Smith M.W, Miles B.M, Atomie Transition Probabilities, 

NSRDS-NBS22, Washington, 1969. 

Wilhers A.T.M, Ph D Thesis, Eindhoven University of Technology, 1991 



78 appendices 

Appendix 1: Calibration Aspects 

1. Ribbon Lamp Calibration 

In order to evaluate the measurements quantitatively a ribbon lamp calibration 

was performed for different slit widths and different ("true") temperatures of the rib bon. 

The true temperatures for the band lamp used were calculated from the given irradiance 

temperatures (the temperature a black body-ribbon with a corresponding irradiance 

would have) using the method described by Timmermans and Bleize [TIM88) The 

electric set-up for the measurements is outlined in figure Al-l. 

R 

L 

Figure A1-1. Electric circuit used for the ribbon lamp calibration measurements. 

Ribbon lamp: 

Power supply: 

Multimeter: 

Resistor: 

Philips type W2KGV22i, nr. T232/92; 

TCR 60 V, 50 A; 

Philips PM 2514 ( digital); 

0.01 n at T = 293 K. 

The measurements were performed for two ribbon lamp settings: 

1. I= 12.97±0.01 [A], Tradianee = 2100 K, Ttrue = 2302 K; 

2. I= 10.29±0.01 [A), Tradianee = 2400 K, Ttrue = 2672 K; 

The transmission factor T(>.) was in our simple case obtained calculated by 
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dividing the Tungsten radiation Tr(.~) [in units Wm-2sr-1m-1] by the photomultiplier 

output I(>.) [in Amps). The results of these measurements are given in the form of a 

calibration graph in chapter 5. In table Al-l the values inserted in this graphare listed. 

Table A1-1. 

chapter 5. 

Ribbon Lamp Calibration. Columns 1 and 3 are given in figure 5.1 of 

>.( Angstroms) 

3500 

3600 

3700 

3800 

3900 

4000 

4100 

4200 

4300 

4400 

4500 

4600 

4700 

4800 

4900 

5000 

5200 

5400 

5600 

5800 

6000 

100 J.lffi, 

2672 K 

(1016) 

10.7 

4.27 

2.79 

2.26 

1.57 

1.39 

1.33 

1.20 

1.12 

1.00 

0.929 

50 J.lffi, 

2672 K 

(1016) 

53.3 

19.0 

10.4 

8.76 

6.92 

5.85 

5.50 

4.90 

4.23 

3.74 

3.33 

3.03 

2.90 

3.09 

lOOJ.Lm 

2302 K 

(1016) 

0.994 

0.938 

0.889 

0.938 

0.929 

0.850 

0.823 

0.881 

1.00 

1.18 

1.43 
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6200 1.76 

6400 2.32 

6600 2.65 

6800 3.33 

7000 4.53 

7200 6.85 

7400 10.9 

Small arromalies (e.g. around 4500 and 6500 Angstroms) appeared to be 

reproduceable. 

2. Monochromator apparatus profiles 

In order to measure line profiles as accurately as possible, before or just after each 

measurement the apparatus profile (for the same slit widths) was measured using a 

low-pressure Mercury lamp, placed in front of the diaphragm in our experiment. The 

apparatus profile proved to be asymmetrie (as indicated in the manufacturer's 

calibration report) for slits widths in the range of 10-50 JLm. For slits of 100 or 200 JLm 

the profile turned out to be very close to triangular. However, the slit widths were not 

exactly reproducable and this is why the apparatus profile was checked for each separate 

(line profile-) measurement. 

In table A1-2 below a general view of the obtained apparatus profile half-widths 

(at half-maximum) is given. This is, as mentioned, just an indication, as for smaller slits 

the results are not reproducable and should be checked before measuring. The values of 

table A1-2 are represented in figure A1-2. 
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Table Al-2: Approximate apparatus profile half-widths1 as measured uszng a 

low-pressure mercury lamp at 5460.7 Angstroms. 

Slit widths 

(microns) 

10 

20 

30 

50 

100 

200 

A 
I 
I 

(i) 
E 
0 .... 
+-' 
(J) 
Ol c 
~ 

î 
~ 
I 

Half width (half maximum) 

( Angstroms) 

0.13 

0.26 

0.30 

0.35 

0.59 

1.24 

1.50 .----------------------"1 

1.00 

0.50 

0.00 [__ _ _.__ _ __._ __ ..___ _ __L._ _ __.J. __ ..___ _ __.._ _ __.200 

0 100 

Slit width (micron) --> 

Figure Al-2. Approximate apparatus profile half-widths for the 54601 7 Hg line. 
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3. Slit width dependenee of photomultiplier output 

Theoretically the radiation quantity transmitted through the monochromator (and 

thus received at the photomultiplier window) should increase with the square of the slit 

widths in the case of continuurn radiation (if entrance and exit slit widths are equal). 

We checked this relation for the monochromator used by camparing photomultiplier 

output -using a tungsten ribbon lamp as a light source- at one particular wavelength 

(5000 Á) for different slit widths. The problem with the adjustable slits was again clear: 

for lower slit widths there was no exact reproduceability. The exit slit proved to have an 

offset of about 10 f.LID so the real slit width wá.s approximately the readout value minus 

this offset, for the smaller slit widths (up to about 50 f.tm). Furthermore, both slits 

appeared to suffer from hysteresis effects so we always adjusted the slits to a certain 

value by first closing it completely and then opening it to the desired slit width. 

The results of this simp Ie measurement are given below. 

Table Al-3. Dependenee of photomultiplier output (5000 Á) on slit width. Exit and 

entrance slits were always tuned to the same value. 

Slit widths (slit widths)2 photomultiplier output 

(lo-6 m) ( ·10-9 m2) (arb) 

50 2.5 2.4 (± 5%) 

100 10 13.9 (± 10%) 

200 40 63 (± 2%) 

The inaccuracies arise mainly from non-reproducability of slit widths and ( sametimes) 

offset problems with the x-t-recorder on which the data were collected. 

In our experiments-save for the line profile measurements- we always used either 

100 f.tm or 200 f.tm slits. Following the data in table A1-3 and figure A1-3 we assumed 

the quadratic relation between slit widths and photomultiplier output to be valid in this 

case, knowing that we may introduce mistakes in the order of several precents by doing 

so. 
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Figure Al-3. The dependenee of P.M. output on the square ofthe slit widths. 
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Appendix 2: Simulation of the SiH emission spectrum and calculation 

of rotational and vibrational temperatures 

1. Line Positions 

The energy levels for the X2l1 ground state and the A 2fl first excited state of 

SiH are given by the following formula [KL Y79] with empirically determined constants: 

where: 

and: 

Tev= sum of the electronk and vibrational terms; 

x :: (J +t )2 - A 2; 

B* = B- 2Dx- ('Y/2); 

A*= A+ ADx; 
1 

Z = [(A*-2B*-'Y)2A2f2 + B*2xp; 

t(J+t) [[1 ± (A *-2B*)/2Z] [p(1-2Dx/B) 

+ 2q(1-4Dx/B)] "' 2~(1-4Dx/B)x]. 

(A2-1) 

In the cases of double signs in the last equation, the upper sign refers to D.F 1(J) while 

the lower refers to D.F 2( J). The D.F 12 's reflect the A-type doubling, which proves to 

be negligible for the A2fl state [KLY79], so for this first excited state D.FdJ) = O.In 

(A2-1) + Z ± D.F1(J) refers to the higher level while - Z ± D.F2(J) refers to the 

lower levelfora fixed J-value (compare figure 2.8). 

The constants which are used in (A2-1) were determined by Klynning and 

Lindgren [KL Y66] and are listed in table A2-1. Our program used this constants to 

determine the energy levels for the X2l1 and the A 2D. state for J up to 29.5. 

After this, the 24 branches mentioned in chapter 2 were calculated for each of the 

vibrational transition bands (0,0), (1,1), and (2,2), using the appropriate selection rules. 

This was performed by simple subtraction in the right manner, as described in section 

2.7 to find the wave numbers in units cm-1. 
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The program then calculated the wavelengths (in Angstroms) and corrected these 

to wavelengths in air (as all calculations assumed vacuum so far) using data from the 

Handhook of Chemistry and Physics [WEA87). 

The results of this calculations are listed for the (0,0) band within the X2IT- A2D.. 

transition of SiH on the following pages. 

Table A2-1 Values of molecular constants (in cm-1) used zn the calculations as 

determined by Klynning and Lindgren [KLY66}. 

I Tev 
I B 
I 
I 

I -4 I D x 10 A 

V~ 0 1079.54 : 7.3905 3.968 142.83 5.5 - 80 90.7 

~TI~-+----~i --~--~----+---~---r---+--~ 
v = I 3050.32 i 7.1749 i 3.93 143.43 5.0 74 88. I 

V = 2 4950.08 ! 6.9627 13.97 144.04 2.6 73 86.4 

V = 0 5272.58 i 7.2837 15.24 3.58 85.0 

V = I ~ 6933. 13 6.8555 6.08 3.11 77 

V= 2 8395.33 6.3436 7.36 2.59 79 
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Transi.tions For t- he fD.:Jl-t:and 0' ·:; i.H: 2'-j. 50 :-?3ti28- .:!b~ q . .._: _:1 ~ • • a 42.-31 .~0 

p1c brdnci1: fJ2C hrnnch: 
j, freq. r 1 I cml . lambd" vdcuund An~strl, difD in aj r J. freq.[1icmJ, l.=tmb d ::1 vacuurrt( Angstr), dito in air 

3.50 24169.445 4137.46 d,J5.2':f 3.50 24068. 1 os 4154.tl8 4153.71 
4.50 24149.646 4140.85 4139.68 Ll.SO 24057.0S1 4156.79 4155.62 
5.50 24130.457 4144. 14 4142.98 5.50 24045.008 4158.87 4157.70 
6.SO 24111.660 4147.37 4146.21 6.50 24032. 186 4161.09 41S9.92 
7.50 24093.125 4150. S6 4149.40 7.SO 24018.701 4163.42 4162.25 
8.50 24074.752 4153 73 4152.56 8.50 24004.635 4165.86 4164.69 
9.50 24056.461 415F..89 4155.7?. 9.50 23990.039 4168.40 4167.23 

10.50 24038. 188 4160.05 4158.88 10.SO 23974.941 4171.02 4169.85 
11.50 24019.871 4153.22 416?.05 1 1. 50 23959.373 4173.73 4172.56 
12.50 24001.453 4166.41 41t:i5.24 12.SO 23943.335 4176.53 417S.35 
13.50 23982.885 4169.64 4168.47 13.SO 23926.836 4179.41 4178.23 
14.SO 23964. 117 4172.91 4171.73 14.SO 23909.863 4182.37 4181.20 
1S.50 2394S.096 4176.22 4175.05 1S.SO 23892.40a 4185.43 4184.26 
15.50 2392S.781 4179.59 4178.42 16.Sa 23874.432 4188.58 4187.40 
17.5a 239a6.117 4183.a3 4181. 8S 17.SO 238SS.926 4191.83 419a.6s 
18.SO 23886.aS9 4186.54 4185.3? 18.SO 23836.8S4 419S. 18 4194.01 
19.SO 2386S.SSS 419a. 14 4188.96 19.50 23817. 1?6 4198.65 4197.47 
20.SO 23844.S51 4193.83 4192.55 2a.5o 23796.8S2 4202.24 4201.06 
21. sa 23822.992 4197.63 4196.45 21.Sa 23775.836 4205.95 4204.77 
22.sa 23800.82a 4201. S4 42aa.36 22.5a 23754.a78 4209.8a 4208.62 
23.sa 23777.980 42a5.57 4204.39 23.sa 23731.529 4213.8a 4212.62 
24.50 23754.41a 42a9.74 42a8.56 24.5a 237a8. 127 4217.96 4216.78 
2S.sa 23730.a43 4214.a7 4212.88 25.50 23683.814 4222.29 4221.11 
25.5a 237a4.818 4218.SS 4217.37 26.Sa 23658.523 4226.81 4225.62 
27.sa 23678.664 4223.21 4222.03 27.Sa 23632. 189 4231.52 423a.33 
28.sa 23651 . 504 4228.a6 4226.87 28.5a 23604.740 4236.44 4235.2S 
29.50 23623.27a 4233. 11 4231.93 29.Sa 23576. 100 4241.58 424a.39 

p1d branch: p2d branch: 

j' f req. ( 1 I cm) , lambd.o vacuum( An~str), dito in air j, freq.( 1lcm), lambd" vacuum( Angstr), dito in ~ir 

3.50 24169.127 4137.51 4136.35 3.50 24068.031 4154.89 41S3.72 
4.5a 24149.297 4140.91 4139.74 4.50 24056.91a 4156.81 4155.64 
5.50 24130. 1a2 4144.2a 4143.a4 s.sa 24a44.775 4158.91 4157.74 
6.5a 24111.324 4147.43 4146.25 6.5a 24031.840 4161.15 4159.98 
7.sa 24a92.83a 4150.61 4149.45 7.50 24018.217 4163.51 4162.34 
8.50 24a74.525 4153.77 4152.60 8.SO 24a03.988 4165.97 4164.8a 
9.sa 24a56.324 4156.91 4155.74 9.Sa 23989.2a7 4168.54 4167.37 

1a.sa 24a38. 162 4160.as 4158.88 1a.5o 23973.904 4171.20 4170.a3 
11.50 24019.979 4163.2a 4162.03 11. sa 23958. 109 4173.95 4172.78 
12.5a 24aa1.713 4166.37 4165.2a 12.5a 23941 . 828 4176.79 4175.62 
13.50 23983.314 4169.57 4168.39 13.50 23925.064 4179.72 4178.54 
14.50 23964.736 4172.8a 4171.63 14.Sa 239a7.813 4182.73 4181.56 
15.50 23945.922 4176.08 4174.9a 1S.sa 23890.0S5 4185.84 4184.67 
16.Sa 23926.832 4179.41 4178.23 16.5a 23871.773 4189.05 4187.87 
17.5a 239a7.4a8 4182.80 4181.63 17.sa 23852.941 4192.36 4191. 18 
18.5a 23887 .,60S 4186.27 418S. 1a 18.50 23833.527 4195.77 4194.59 
19.50 23867.373 4189.82 4188.64 19.sa 23813.494 4199.30 4198. 12 
20.5a 23846.652 4193.46 4192.28 2a.5a 23792.8a3 42a2.95 4201.77 
21 .50 23825.393 4197.20 4196.02 21. so 23771.408 4206.73 4205.55 
22.5a 23803.535 4201.06 4199.88 22.Sa 23749.260 4210.66 42a9.48 
23.SO 23?81.02a 4205.03 4203.8S 23.Sa 23726.3a9 4214.73 4213.5S 
24.Sa 237S7.783 4209.1S 42a7.96 24.50 23702.496 4218.96 4217.78 
25.SO 23733.762 4213.41 4212.22 25.Sa 23677.764 4223.37 4222. 19 
26.50 23708.893 4217.83 4216.n4 2C.sa 23652.a47 4227.96 4226.78 
27.5a 23683.102 4222.42 .4221.23 2?.Sa 23625.277 4232.?5 4231.57 
2t\,~O 2315!515' 314 4227.20 4226.a1 28.50 23597.389 4237.76 4236.57 

29.SO 23568.3a3 4242.99 4241. sa 



q1c Drdncn: 

i, freq.( 1/cm), l~mbdr; vd.::uumt Anv,sr,,, d.ito in ~.ir 

2.50 
3.50 
4.50 
5.50 
6.50 
?.50 
8.50 
9.50 

10.50 
11.50 
12.50 
13.50 
14.50 
15.50 
16.50 
1?.50 
16.50 
19.50 
20.50 
21.50 
22.50 
23.50 
24.50 
25.50 
26.50 
2?.50 
28.50 
29.50 

242,8. ~~gg 
24212.566 
2420?.533 
24202.906 
24196.561 
24194.3?5 
24190.246 
;?4186.096 
24181 . 848 
241??.422 
241?2.?56 
2416?.?69 
24162.453 
24156.691 
24150.445 
24143.646 
24136.246 
24128.164 
241 19.346 
24109.?23 
24099.223 
2406?.??? 
240?5. 31 1 
24061. ?50 
2404?.012 
24031.016 
24013.680 
23994.914 

q1d branch: 

4129. 11 
4130.06 
4130.'15 
4131. ?3 
4132.48 
4133. 19 
4133.90 
4134.61 
4135.33 
4136.09 
4136.tl9 
413?.?4 
4138.65 
4139.64 
4140.?1 
4141. BB 
4143.15 
4144.53 
4146.05 
414?.?0 
4149.51 
4151.46 
4153.63 
4155.9? 
4156.52 
4161.29 
4164.29 
416?.55 

41?7.95 
4126.92 
4129.?8 
4130.5? 
4131.31 
4132.03 
4132.74 
4133.44 
4134. 17 
4134.93 
4135.73 
4136.58 
4137.49 
4136.46 
4139.55 
4140.71 
4141. 9A 
41113.37 
4144.86 
4146.54 
4148.34 
4150.32 
4152.47 
4154.81 
4157.35 
4160. 12 
4163. 12 
4166.36 

j, freq.( 1/cm), lambda vacuum( Angst.rl, dito in air 

2.50 
3.50 
4.50 
5.50 
6.50 
7.50 
8.50 
9.50 

10.50 
11 .50 
12.50 
13.50 
14.50 
15.50 
16.50 
17.50 
16.50 
19.50 
20.50 
21.50 
22.50 
23.50 
24.50 
25.50 
26.50 
2?.50 
28.50 

24218.035 
24212.266 
2420?., 64 
24202.553 
24198.225 
24194.080 
24190.021 
24165.961 
24161.822 
2417?.529 
241?3.016 
24166.219 
24163.0?2 
24157.520 
24151.496 
211144.939 
2413?.?93 
24129.982 
24121.449 
241 12. 125 
24101.938 
24090.816 
24076.684 
24065.467 
24051.086 
24035.453 
24018.490 

4129.15 
4130.14 
4131.01 
4131.80 
4132.53 
4133.24 
4133.94 
4134.63 
4135.34 
4136.0? 
4136.84 
413?.67 
4138.55 
4139.50 
4140.53 
4141.65 
4142.88 
4144.22 
4145.69 
4147.29 
4149.04 
4150.96 
4153.05 
4155.33 
4157.82 
4160.52 
4163.46 

412?.99 
4128.98 
4129.64 
4130.63 
4131.37 
4132.08 
4132.7? 
4133.4? 
4134.18 
4134.91 
4135.68 
4136.50 
11137.38 
11138.33 
11139.3? 
4140.1\9 
4141.72 
4143.06 
4144.52 
4146. 13 
4147.68 
4149.79 
4151.88 
4154.16 
4156.6S 
4159.35 
4162.29 

appendices 87 

'1166. tJS 

..;2.:: branch: 
j, freq.l1/cm). lnmDda vacuum( Angst.r), d..i..to in dir 

2.50 
3.50 
11.50 
5.50 
6.50 
7.50 
8.50 
9.50 

10.50 
11 .50 
12.50 
13.50 
14.50 
15.50 
16.50 
17.50 
18.50 
19.50 
20.50 
21.50 
22.50 
23.50 
24.50 
25.50 
26.50 
2?.50 
28.50 
29.50 

24122.543 
24126.81~ 

24129.95? 
24132.188 
24133.611 
24134.313 
24134.344 
24133.?36 
24132.512 
24130.676 
24128.227 
24125.152 
24121.428 
2411 '}. 02? 
24111.920 
24106.063 
24099.412 
24091.918 
24083.525 
240?4. 1?8 
24063.813 
24052.36? 
24039.?66 
24025.939 
24010.809 
23994.295 
23976.313 
23956.7?7 

q2d branch: 

4145.50 
!!i4.4.77 
4144.23 
4143.84 
4143.60 
4143.48 
4143.47 
4143.58 
4143.79 
4144' 10 
4144.52 
4145.85 
4145.69 
4146.45 
414?.33 
4148.33 
4149.48 
4150.7? 
4152.22 
4153.83 
4155.62 
415?.59 
4159.?? 
4162. I? 
4164.?9 
4167.66 
41?0.78 
4174. 18 

4144.33 
4143.60 
4143.06 
4142.68 
4142.113 
4142.31 
4142.31 
4142.41 
4142.62 
4142.94 
4143.36 
4143.89 
4144.53 
4145.28 
4146. 16 
4147. 1? 
4148.31 
4149.60 
4151. os 
4152.66 
4154.45 
4156.43 
4158.61 
4161. DO 
4163.62 
4166.49 
4169.61 
41?3.01 

j, t'req.( 1/cm), l"mbda vacuum(Anl(st.r), dlto in air 

2.50 
3.50 
4.50 
5.50 
6.50 
?.50 
8.50 
9.50 

10.50 
11 .50 
12.50 
13.50 
14.50 
15.50 
16.50 
17.50 
18.50 
19.50 
20.50 
21 .50 
22.50 
23.50 
24.50 
25.50 
26.50 
2?.50 

24122.512 
24126.?38 
24129.818 
24131.955 
24133.266 
24133.828 
24133.697 
24132.904 
24131 .4?5 
24129.414 
24126.?19 
24123.381 
241 19.3?7 
24114.682 
24109.262 
24103.078 
24096.086 
24088.236 
24079.477 
24069.?50 
24058.994 
24047. 146 
24014. 135 
24019.889 
24004.332 
23987.383 

4145.51 
4144.78 
4144.25 
4143.88 
4143.66 
4143.56 
4143.58 
4143.?2 
4143.9? 
4144.32 
4144.?8 
4145.36 
4146.04 
4146.85 
414?.?8 
4148.85 
4150.05 
a 151.40 
4152.91 
4154.59 
ll156.45 
4158.50 
4160.75 
4163.22 
4165.91 
4168.86 

4144.34 
4143.61 
4143.08 
4142.?2 
4142.49 
4142.40 
4142.42 
4142.56 
4142.80 
4143.15 
4143.62 
4144.19 
4144.88 
4145.69 
4146.62 
4147.68 
4148.89 
4150.24 
4151. ?5 
4153.42 
4155.28 
4157.33 
4159.58 
4162.05 
4164.74 
416?.69 
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nc ~0 :?~1~HJ7. St::'J :lC g·_~ :J? ~C'JS. 92 
2b. 58 .:?440:! 43i_l ao•J7 7U ·1096.GJ 

.?3 . SC 2J')60. ·?6 i 'l ~ ~ '1 _jf) 41"}t]. tY-J 2'7 .50 ~4.J'J7. f-)29 ·10Y~ 76 409? . 61 
?9 .::o 2]940.980 it175 . 'A !11'7-'l . )7 28 .50 24390. 135 4100 02 1!09U. W! 

29.:jQ 24380.1:)55 4101 58 4100. 42 
t•1 c branch: 
j, treq.( 1/cm), lambda vactJurnt Ar,~strj, dito in nir r2c branch: 

j. freq.(1/cm), lambda .,ocuum( Au~st.r). dit u in ni r· 
1. 50 24253.121 4, :!~. îd 4122 02 
2.50 24261 . 439 4121. ?7 4120.61 .50 24161.531 4136.61 413'7.55 
3.50 24270.473 4120.23 4119.07 2.50 24181.250 4135.44 41311 27 
4.50 24279.964 4118.62 411? .46 3.50 24199.721 4132.28 4131. 12 
5.50 24289.(]09 41 16.95 4115 .BIJ 4.50 24217. 137 4129.31 412tL 1S 
6.50 24299.811 4115.26 4114. 10 5.50 24233.613 4126.50 4125.34 
7.50 24309.871 4113.5ti 4112. 40 6.50 24249.223 4123.84 4122.60 
8.50 24319.805 4111.86 41 10.71 7.50 24264.021 4121.33 4120.17 
9.50 24329.7S8 4110. 19 4109.04 6.50 24276.041 4116.95 4117.79 

10.50 24339.398 a1o8.56 4107.41 9.50 24291.307 4116.70 4115.54 
11.50 24348.725 4106.99 4105.84 10.50 24303.614 4114.58 4113.42 
12.50 24357.660 4105.48 4104.33 11.50 24315.566 4112.59 4111 .44 
13.50 24366.125 4104.06 4102.90 12.50 24326.543 4110.74 4109.58 
14.50 24374.049 4102.72 4101 .57 13.50 24336.715 4109.02 4107.86 
15.50 24381.355 4101.49 4100.34 14.50 243116.055 4107.44 4106.29 
16.50 24387.977 4100.38 4099.23 15.50 24354.516 4106.01 4104.86 
17.50 24393.834 4099.40 4098.24 16.50 24362.057 4104.74 4103.59 
18.50 24398.855 4098.55 4097.40 17.50 24368.621 4103.64 4102.48 
19.50 24402.961 4097.86 4096.71 18.50 24374.154 4102.71 4101.55 
20.50 24406.080 4097.34 4096.19 19.50 24376.590 4101.96 4100.81 
21.50 24408. 125 4097.00 4095.84 20.50 24381 . 867 4101.41 4100.25 
22.50 24409.020 4096.85 4095.69 21.50 24383.912 4101.06 4099.91 
23.50 24408.680 4096.90 4095.75 22.50 24364.652 4100.94 4099.79 
24.50 24407.016 4097. 18 4096.03 23.50 24384.005 4101.05 4099.90 
25.50 24403.941 4097.?0 4096.55 24.50 24361.891 4101.40 4100.25 
26.50 24399.363 4098.4? 409?.31 25.50 24376.225 4102.02 4100.87 
27.50 24393.191 4099.50 4098.35 26.50 24372.914 4102.92 4101.76 
26.50 24365.324 4100.61 4099.6? 27.50 24365.867 4104.10 4102.95 
29.50 243?5.664 4102.45 4101.30 28.50 24356.990 4105.60 4104.44 

29.50 24346. 180 4107.42 4106.27 
r1d branch: 
j. f req. ( 1 I cm) , lambd" vacuum( Angstr), dito in air r2d branch: 

J, t'req.( 1/cml, l"mbda vacuum( Arq~str), dito in ~ir 
1.50 24252.934 4123.21 4122.05 
2.50 24261. 1?6 4121.81 4120.55 1 .50 24161.523 4138.81 413?.65 
3.50 242?0. 154 4120.29 4119.13 2.50 24181.219 4135.44 4134.28 
4.50 242?9.635 4116.68 41 1? .52 3. 50 24199.646 4132.29 4131.13 
5.50 24289.453 4117.01 4115.86 4.50 24216.998 4129.33 4128. 1? 
6.50 24299.4?5 4115.32 4114.16 5.50 24233.381 4126.54 4125.38 
?.50 24309.576 4113.61 4112.45 6.50 24246.87? 4123.90 4122.74 
8.50 24319.658 4111.90 4110.74 7.50 24253.537 4121.41 4120.25 
9.50 24329.621 4110.22 4109.06 8.50 242??.395 4119.06 41 1? .90 

10.50 24339.3?3 4108.5? 410?.41 9.50 24290.475 4 ~ 15.84 4115.58 
11 .50 24348.632 4106.97 4105.82 10.50 24302. 7'7? 4114.76 4113.60 
12.50 243S?.920 4105.44 4104.29 11.50 24314.305 4112.81 4111.65 
13.50 24366.555 4103.99 4102.63 12.50 24325.035 4110.99 4109.83 
14.50 24374.568 4102.62 4101.47 13.50 24334.945 4109.32 4108. 16 
15.50 24382 .. 184 4101.36 4100.20 14.50 24344.004 4107.79 4106.63 
16.50 24389.027 4100.20 4099.05 15.50 24352. 170 4106.41 4105.25 
17.50 24395. 125 4099. 18 4098.03 16.50 24359.398 4105. 19 4104.04 
18.50 24400.402 4098.29 409?. 14 17.50 24365.637 4104. 14 4102.99 
19.50 24404.7?9 4097.56 4096.41 18.50 243?0.82B 4103.27 4102. 1 1 
20.50 24400. 182 4096.99 4095.83 19.50 24374.910 4102.58 4101.42 
21.50 24410.527 4096.59 4095.44 20.SO 24377.818 4102.09 4100 .94 
22.50 24411.734 4096.39 4095.24 21.50 24379.484 4101.81 4100 .66 
23.50 2441 1. 715 4096.39 4095.24 
24.50 24410.369 4096.62 4095.46 



appendices 89 

22.50 24379.832 1110' '"'' 4100 .bU 21 50 ~·4 109 707 1\147.71 4146.511 23.50 24370.785 41ll1.93 41 •JO. 77 22.50 24099,459 11149.47 4118.30 
24.50 2~376.260 4102.3!::> 4101 20 23.50 24088.273 4151.40 4150.23 
25.50 243?2. I ?4 4103.04 •t 101.89 24.SO 240?6.080 4153.50 4152.33 
26.50 24366.438 4104. OI 4102.85 25.50 24062.79? 4155.79 4154.63 
2?.50 24358.955 4105.2'1 4104.11 26.50 24048.348 4158.29 41 5'1. 12 
28.50 243119.639 4106.84 11105.68 27 sn 24UJ:d.640 4161 01 4159.84 
29.50 24338.383 4108.?4 410?.58 28.50 24015.615 4163.96 4162.?9 

29.50 
qp2,c branch: 

2399?. 156 416?. 16 4165.99 

j, freq.(1/cm), lambdd vacuum(Angstr·), dito in air rq21c branch: 

2.50 24212.434 4130. 11 41:?8.95 
,1, freq.( 1/cm), lambda vacuum( Angstrl, dito in air 

3.50 24206.549 4130.?? 4129.61 1 .50 2424?.256 4124' 1fJ 4123.02 
4.50 24204.316 4131 '49 4130.33 2.50 24257.402 4122.45 4121 '29 5.50 24200. 148 4132.21 4131.04 3.50 24267.256 4120.78 4119.62 6.50 24196.080 4132.90 4131. ?4 4.50 242??.225 4119.09 411? .93 
?.50 24192.0?0 4133.59 4132.42 5.50 2428?.328 411?. 3? 4116.22 
8.50 24188.059 4134.2? 4133.11 6.50 2429?.506 11115.65 4114.49 
9.50 24103.980 4134.9? 4133.81 ?.50 24307.682 4113.93 4112. ?? 

10.50 241?9.?68 4135.69 4134.53 8.50 24317.?68 4112.22 4111.06 
11.50 241?5.361 4136.44 4135.28 9.50 2432?.6?8 4110.54 4109.39 
12.50 241?0.695 413?.24 4136.08 10.50 2433?.338 4108.91 410?.?6 
13.50 24165.?15 4138.09 4136.93 11 .50 24346.664 410?.34 4106. 18 
14.50 24160.359 4139.01 413?.85 12.50 24355.586 4105.83 4104.68 
15.50 24154.566 4140.00 4138.84 13.50 24364.031 4104.41 4103.26 
16.50 24148.281 4141. OB 4139.92 14.50 243?1.924 4103.08 4101.93 
1?.50 24141.443 4142.25 4141.09 15.50 243?9. 193 4101.86 4100.?0 18.50 24133.992 4143.53 4142.3? 16.50 24385.?70 4100.?5 4099.60 
19.50 24125.859 4144.93 4143.?? 1?.50 24391.580 4099.?8 4098.62 
20.50 24116.988 4146.45 4145.29 18.50 24396.551 4098.94 409?.?9 
21 .50 2410?.305 4148.12 41116.95 19.50 24400.602 4098.26 409?.11 
22.50 24096.?46 4149.94 4148.?? 20.50 24403.662 409?.?5 4096.59 
23.50 24085.238 4151.92 4150.?5 21.50 24405.648 409?.41 4096.26 24.50 240?2.?0? 4154.08 4152.91 22.50 24406.480 409?.2? 4096. 12 
25.50 24059.0?8 4156.44 4155.2? 23.50 211406.0?4 409?.34 4096.19 
26.50 24044.2?3 11158.99 415?.83 24.50 24404.346 409?.63 4096.48 2?.50 24028.211 4161 .?? 4160.61 25.50 24401.203 4098.16 409?.01 
28.50 24010.805 4164.?9 4163.62 26.50 24396.559 4098.94 409?.?9 
29.50 23991.969 4168.06 4166.89 2?.50 24390.316 4099.99 4098.83 

28.50 24382. 3?? 4101.32 4100 .1? 
qp21d branch: 29.50 243?2.645 4102.96 4101 .81 
j. freq.( 1/cm), lambda vacuum( Arq~str), dito in air 

rq21d branch: 
2.50 24212.1?0 4130.15 4128.99 

j. freq.(1/cm), lambda vacuum( Angstr), dito in air 3.50 24208.230 4130.83 4129.6? 
4.50 24203.96? 4131.55 4130.39 1. 50 2424?.068 4124.21 4123.05 
5.50 24199.?93 4132.2? 4131.10 2.50 2425?.139 4122.50 4121.34 
6.50 24195.?44 4132.96 4131.80 3.50 24266.938 4120.83 4119. 6? 
?.50 24191. ??5 4133.64 4132.4? 4.50 242?6.8?5 4119. 15 411?.99 
8.50 2418?.832 4134.31 4133.15 5.50 24286.9?3 411? .43 4116.28 
9.50 24183.844 4134.99 4133.83 6.50 2429?. 1?0 4115. ?I 4114. ss 

10.50 241?9.742 4135.69 4134.53 ?.50 2430?.38? 4113.98 4112.82 
11.50 241?5.469 4136.42 4135.26 El.SO 2431?.541 4112.26 4111.10 
12.50 241?0.955 413?.20 4136.03 9.50 2432?.541 4110 .5? 4109.41 
13.50 24166.145 4138.02 4136.86 10.50 2433?.313 4108.92 410?.?6 
14.50 24160.9?9 4138.91 413?.?4 11 .50 24346.??1 4107.32 4106. 1? 15.50 24155.395 4139.86 4138.70 12.50 24355.846 4105.?9 4104.64 16.50 24149.332 4140.90 4139.?4 13.50 24364.461 4104.34 4103' 18 
1?.50 24142.?34 4142.03 4140.8? 14.50 243?2.543 4102.98 4101.82 18.50 24135.539 4143.2? 4142. 10 15.50 24380.020 11101. ?2 4100.5? 19.50 2412?.6?6 4144.62 11143.115 16.50 24386.820 4100.58 4099.42 20.50 24119.090 41116.09 4144.93 17.50 24392.8?1 4099.S6 4098.41 
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113. sa 211098.0'30 I!OiO SFJ 4097 SJ 13.50 24576.02S ll069 01 4067.86 
19. ]() 24402.420 4G9'7. ~JS ilO'Jb. ûD 14.50 24597. 170 t.l055.S1 11064.35 
20 50 24405.754 4097.39 40Y6.211 ~5.50 2461?.50[) 4062.15 4061.01 
21 .50 24408 049 4097.01 40:15.86 16.50 24636.95? 4058.94 4057.00 
22 .sa 24409. 193 4096.82 409S.66 17.50 246S5.1130 4055.90 4054.76 
23.50 24409.113 4096.83 4095.68 18.50 24672.840 4053.04 4051.90 
24.50 24407.719 409?.06 4095.91 19.50 24689.0911 4050.37 4049.23 
25.50 24404.922 4097.53 4096.38 20.50 24?04. 105 404?.91 4046.?? 
26.50 24400.633 4098.25 4097. 10 21.50 2471?.783 4045.67 4044.S3 
27.50 24394.754 4099.24 4098.09 22.50 24730.031 4043.6? 4042.53 
28.50 24387.188 4100.51 4099.3G 23.50 24?4u.?50 4041.91 4040.78 
29.50 i4377.831i 11102.0!.1 4100.93 24.50 24?49.844 4040.43 4039.29 

25.50 24?5?.207 4039.23 4038 09 
s.-21c branch: 26.50 24?62.?38 4038.33 403?. 19 
.1. f.-eq.( 1/cm), lambdd vacuum( Angstr), dito in c"J i r· 2?.50 24766.326 403?.74 4036.60 

28.50 24?6? .865 403?.49 40.36. 35 
0.50 25277.121 3956. 15 3955.03 29.50 24?6?.238 403?.59 4036.45 
1. 50 24292.225 4116.54 4115.39 
2.50 24316.109 4112.50 4111.34 op12c branch: 
3.50 24340. 164 4108.44 410?.28 j. f.-eq.(1/cm), lambda vacuum( An"tstr). dito in air 
4.50 24364.404 4104.35 4103. 19 
5.50 24388.754 4100.25 4099.10 3.50 24029.002 4161.64 4160.4? 
6.50 24413.117 4096. 16 4095.01 4.50 24002.3?9 4166.25 4165.08 
7.50 24437.391 4092.09 4090.94 5.50 239?5.316 4170.96 11169.?8 
8.50 24461 .465 4088.06 4086.91 6.50 2394?.?66 41?5.?5 4174.58 
9.50 24485.248 4084.09 4082.94 7.50 23919.?56 4180.64 4179.4? 

10.50 24508.641 4080. 19 40?9.05 8.50 23891.328 4185.62 4184.44 
11 .50 24531.555 4076.38 40?5.24 9.50 23862.520 4190.6? 4189.50 
12.50 24553.902 4072.6? 4071.53 10.50 23833.361 4195.80 4194.62 
13.50 24575.596 4069.08 4067.93 11.50 23803.803 4201.00 4199.82 
14.50 24596.551 4065.61 4064.4? 12.50 23774.094 4206.26 4205.08 
15.50 24616.682 4062.29 4061.14 13.50 23?44.004 4211 .59 4210.41 
16.50 24635.906 4059. 12 4057.97 14.50 23?13.621 4216.99 4215.80 
1?.50 24654. 139 4056.11 4054.9? 15.50 23682.930 4222.45 4221. 2? 
18.50 24671 . 293 4053.29 4052. 15 16.50 23651.930 4227.98 4226.80 
19.50 24687.277 4050.67 4049.53 17.50 23620.600 4233.59 4232.40 
20.50 211702.004 4048.25 4047.11 18.50 23588.922 4239.28 4238.09 
21 .50 24715.383 4046.06 4044.92 19.50 23556.871 4245.05 4243.85 
22.50 24727.316 4044.11 4042.9? 20.50 23524.414 4250.90 4249.71 
23.50 24?3?.715 4042.41 4041.27 21.50 23491.521 4256.85 4255.66 
24.50 24746.471 4040.98 4039.84 22.50 23458. 156 4262.91 4261.71 
25.50 24753.488 4039.83 4038.?0 23.50 23424.273 4269.08 4267.88 
26.50 24758.664 4038.99 4037.85 24.50 23389.830 42?5.36 4274.16 
27.50 24761.889 4038.46 4037.33 25.50 23354.?79 4281.78 4280.58 
28.50 24763.055 4038.27 4037.14 26.50 23319.068 4288.34 4287.13 
29.50 24?62.04? 4038.44 403?.30 2?.50 23282.643 4295.05 4293.84 

28.50 23245.439 4301.92 4300.71 
sr21d branch: 29.50 2320?.402 4308.97 430?.76 
j. freq.( 1/cm), lambda vacuum( Ang9ti'), dito in air 

op12d branch: 
0.50 25276.711 3956.21 3955. 10 j, f.-eq.( 1/cm), lambda vBCuum( Anqstr), dito in air 
1. 50 24292.037 4116.58 4115.42 
2.50 24315:846 4112.54 4111.39 3.50 24028.928 4161.65 4160.48 
3.50 24339.846 4108.49 4107.33 4.50 24002.240 4166.20 4165. 11 
4.50 24364.055 41011.41 4103.25 5.50 239?5.084 41?1. DO 4169.83 
5.50 24388.398 4100.31 4099. 16 6.50 23947.420 4175.82 4174.64 
6.50 24412.781 4096.21 4095.06 7.50 23919.271 4180.?3 4179.56 
7.50 24437.096 4092.14 4090.99 8.50 23890.682 4185.?3 4184.!:;6 
8.50 24461 . 238 4088. 10 4086.95 9.50 23861 . 688 4190.82 4Hl9.64 
9.50 24485. 111 4084. 11 4002.97 10.50 23832.324 4195.98 4194.80 

10.50 24508.615 4080.20 4079.05 11.50 23802.621 4201.22 4200.04 
11.50 24531.662 4076.36 .4075. 22 12.50 237?2.586 4206.53 4205.34 
12.50 245511. 162 4072.63 40?1 .48 13.50 23?42 234 4211.90 4210.?2 
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~4.:30 :?3'711 ~; 7U il2: ,.._,. ~5 l't.;,~ 1 Ij. 1 ') 1 J .50 2J'J~"}.~J9 4179.JS .)1/8. 'tl 
15. '30 23fJOC .554 12:?::. 37 '1.22'. tid 14. '30 2J909.90G 4132.37 41tl 1. 1 g 
16.50 23649 .271 42~'1..!. -16 4~2'7.27 15 .50 23892. 1GO 4105.47 41!34 . :•g 
1'7.50 23617 .G1S 4::'34. 1J 4232. 9·1 16.50 ?3[)73.936 41>J0.67 •118') . ..:l9 
18.50 23585.596 42Jq_8l3 4238.G9 1'1.50 23855. 146 4191. 9? 4190 79 
19.50 23553.109 'l2-1S.71 4244.52 18.50 23835.781 4195.37 4194. 19 
20.50 23520.365 42!:! 1. 63 4250 44 19.50 23815.799 4198.89 4197.?1 
21.50 23487.094 425?.66 4256.46 20.50 23795. 162 4202.53 4201.35 
22.50 23453.336 4263.79 4262.59 21.50 23??3.826 4206.31 4205. 13 
23.50 23419.053 4270.03 4268.83 22.50 23?51.?38 4210.22 4209.04 
21\.50 23384. 199 4276.39 4275.19 23.50 23728.850 4214.28 4213. 10 
25.50 23348.729 4282.89 4281.69 24.50 23?05. 100 4218.50 4217.32 
26.50 2'3312.590 4289.53 4288.32 25.50 23680.434 4222.90 4221.71 
27.50 232?5.730 42')6.32 4295. 12 26.50 23654.785 422?.47 4<'26.29 
2fl.50 2323fl.088 4303.28 4302.0? 2?.50 23628.082 4232.25 4231.06 
29.50 23199.605 4310.42 4309.21 28.50 23600.264 423?.21\ 4236.05 

29.50 23571.250 4242.46 4241 .2? 
pq 12c br;onch: 

j' freq. ( 1 I cm) , lnmbdi'l vacuum( An~st.r), dito in "ir qr12c branch: 
j' freq.(1/cm), lambda vacuum( Angstr), dito in air 

2.50 24083.439 4152.23 4151.06 
3.50 240?2. 143 4154. 18 4153.01 1 .50 24122.428 4145.52 4144.35 
4.50 24060.266 4156.23 4155.06 2.50 21\126.580 4144.81 4143.64 
5.50 24047.766 4158.39 4157.22 3.50 24130.029 4144.21 4143.05 
6.50 24034.666 4160.66 4159.49 4.50 21\132.?19 11143.?5 4142.59 
?.50 24021.006 4163.02 4161.85 5.50 24134.668 4143.42 4142.25 
8.50 24006.824 4165.48 4164.31 6.50 24135.916 4143.20 4142.04 
9.50 23992. 156 11168.03 4166.86 ?.50 24136.502 41113. 10 4141.94 

10.50 239??.021 41?0.66 4169.49 8.50 24136.461 4143.11 4141.94 
11.50 23961.434 4171.3? 41?2.20 9.50 24135.816 4143.22 4142.06 
12.50 23945.396 4176. 1? 41?4.99 10.50 24134.5?2 4143.43 4142.2? 
13.50 23928.910 41?9.05 111??.8? 11.50 24132.?36 4143.75 4142.58 
14.50 2391 1. 95? 4182.01 4180.83 12.50 24130.301 4144. 1? 4143.00 
15.50 23894.525 4185.06 4183.88 13.50 2412?.246 4144.69 4143.53 
16.50 238?6.594 4188.20 418?.03 14.50 24123.553 4145.33 41114.16 
1?.50 23858.131 11191.44 4190.2? 15.50 24119.169 4146.08 4144.91 
18.50 23839. 1 0? 41911.?9 4193.61 16.50 24114.125 4146.95 4145.?8 
19.50 23819.480 419fl.24 419?.06 1?.50 24108.316 414?.95 4146.?8 
20.50 23?99. 21 1 4201.82 4200.64 18.50 24101.?1? 4149.06 4147.92 
21.50 23??8.254 4205.52 4204.34 19.50 24094.2?7 4150.36 4149.20 
22.50 23?56.559 4209.36 4208. 18 20.50 24085.943 4151.80 4150.63 
23.50 23?34.0?0 4213.35 4212. 17 21 .50 240?6.656 4153.40 4152.23 
24.50 23?10.?30 421?.50 4216.32 22.50 24066.355 4155.18 4154.01 
25.50 23686.484 4221.82 11220.63 23.50 24054.971 415?. 14 4155.98 
26.50 23661.262 4226.32 4225. 13 24.50 24042.436 4159.31 4158. 14 
2?.50 23634.994 4231.01 4229.83 25.50 24028.6?8 4161 .69 4160.52 
28.50 2360?.615 4235.92 4234.?3 26.50 24013.613 4164.30 4163.13 
29.50 23579.04? 4241. os 4239.86 2?.50 2399?. 1?0 416?. 16 4165.99 

28.50 239?9.260 41?0.2? 4169. 10 
pq12d branch: 29.50 23959.?9? 4173.66 41??.49 
j, freq.(1/cm), lambda vacuum( Angstr), dito in air 

qr12d branch: 
2.50 ?4083.408 4152.24 415,. 0? j' freq.( 1/cm), lambda vacuum( Anj;tstr), d'it.o i r1 air 
3.50 240?2.068 4154. 19 4153.02 
4.50 24060. 12? 4156.25 4155.09 1 .50 ?4122.420 4145.52 4144.36 
5.50 2404?.535 4158.43 415?.26 2.50 24126.549 4144.81 4143.65 
6.50 24034.320 4160.?2 4159.55 3.50 24129.955 4144.23 4143.06 
?.50 24020.521 4163.11 4161 .94 4.50 24132.5?8 4143.?8 4142.61 
8.50 24006. 1?6 4165.59 4164.42 5.50 24134.436 4143.46 4142.?9 
9.50 23991.324 4168. 1? 416?.00 6.50 24135.570 4143.26 4142.10 

10.50 239?5.964 41?0.84 4169.6'7 ?.50 24136.018 4143. 19 4142 .02 
11.50 23960. 1 ?2 41?3.59 41?2.42 8.50 24135.814 4143.22 41112. 06 
12.50 23943.889 41?6.43 11"1?5. 26 9.50 24134.9811 4143.36 11142 .20 
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10.50 2413:1. ~3S 4143 61 41 t.2 . ·15 
11.50 24131.473 41,'13 .97 411\2 .80 
12.50 24128.793 4144 .43 4143 .26 
13.50 24125.475 4145.00 4143. 83 
14.50 24121.502 4145.68 411)4.51 
15.50 24116.844 4146.48 41~.5. 31 
16.50 24111. 46? 4147 .40 4146.24 
1?.50 24105.332 4148 .46 4147.29 
18.50 24098.391 4149. 65 4148.49 
19.50 24090.596 4151 .00 4149.83 
20.50 24081.895 4152.50 4151.33 
21.50 "24072. 229 4154. 16 4153.00 
22.50 24061 . 535 4156.01 4154.84 
23.50 24049.750 4158.05 4156.88 
24.50 24036.805 4160.29 4159. 12 
25.50 24022.627 4162.?4 4161.57 
26.50 2400?. 13? 4165.43 4164.26 
27.50 23990.258 4168.36 416?. 19 
28.50 239? 1 . 908 41? 1. ss 4170.38 
29.50 23952.000 41?5.02 4173.84 
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2. Line intensities 

Having determined the line positions we turn to the more complicated task of the 

line intensity distribution. We already mentioned this in chapter 2 but we shall take a 

closer look at it now ( only in emission). 

If N , 'J' is the number density of paticles in the initia! state (section 2.8, e' and ev 
11 d h 1 t · t · 1 d) d Ae

11
v

11
J

11 
• h t · · b b"l· e enote t e e ec romc s ates mvo ve an e, v, J, 1s t e rans1t10n pro a 1 Ity 

(Einstein coefficient for spontaneous emission), theemission intensity of the transition in 

all directionsof space, i.e. in units [Wm-2m-1], is given by [KOV69]: 

e11 v 11J 11 e 11 v11J 11 

Ie'v'J' = Ne'v'J' ·Ae'v'J' ·hcv, (A2-2) 

elivliJ I! 
v being the wave number of the transition. According to wave mechanics, Ae, v, J, is 

related to the matrix element R of the electric dipale moment of the molecule by: 

ellviiJII 
ellviiJII 647r4v3 ~1Re'v'J'I2 

Ae'v'J' = 3h · g ' 
J' 

(A2-3) 

where gJ, is the degree of degeneracy of the initia! state which has the value (2J'+l). 

If we assume the electronic, vibrational and rotational motions to be separable 

(Born-Oppenheimer approximation) we may write [KOV69]: 

(A2-4) 

11 

where Ree, is the electronic transition moment as described in chapter 2, q , 11 are the vv 

so-called Franck- Condon factors, and SJ' Jll are the Hónl- London factors. The 

Franck-Condon factors we abtairred from [PER83,PER80] for our case, while the 

appropriate Hönl-London factors were abtairred from calculations by Kovacs [KOV69]. 

In the case of a Boltzmann-like distribution of the molecules on the quanturn 

levels, we write (2.66) with extra factors as: 
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N e'v'J' = ~ (2-80,A ,)(2J'+ 1 )exp[-T( e')hc/kTelec-G( v')hc/kTvib-F( J')hc/kTrotL 

(A2-5) 

where N is the total number of molecules, T(e'), G(v') and F(J') are the electronic, 

vibrational and rotational terros of the emitting level, respectively. The factor (2-80 A') 
' 

arises due to the A-type doubling: if A-type doubling is taken into account, 80 A' = 1; 
' 

otherwise 80 A' = 0. The partition function of heteronuclear molecules, Q, can be 
' 

approximated [KOV69) by: 

~ 
e'A'S' [(2-80 A, )(2S' +1) · kT·exp(-hcT(e')/kT)) 

Q = Q ·Q ·QJ = ' ' 
e v (1 - exp ( hcw/kT) ·heB) 

(A2--6) 

where w and B are average rotational and vibrational constants, taken to be equal for 

all electronic terros (as a rough approximation) and S' is the tot al spin quanturn 

number for the upper level. In this way Q may be considered as a constant within a 

certain electronic band and for a certain temperature. As we in our program are only 

interested in relative line intensities for one (electronic) temperature, we neglected Q in 

our approach. 

If we now combine the above equations (A2-2 - A2--6), we can write for the 

intensity of an emission line in all spatial directions: 

e"v"J" 
I , 'J' = Const·v4·q, 11 ·SJ'J"·exp(-G(v')hc/kTvib)·exp(-F(J')hc/kTrot), e V V V 

with: 
64?r4c N e" 

Const = -r·q· (2-80,A,)·I Re, 1
2• exp(-T(e')hc/kTelec)· (A2-7) 

This "Const" may be regarcled a constant only for a given electronic temperature and 

within a particular electronic transition. Notice, that for a heteronuclear molecule with 

bath A' and A" ~ 0 the intensity is distributed equally between the A-doubling 

components, as is experimentally verified [KLY79). 
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3. Energy distribution in vibrational bands in the case of different de-excitation 

processes 

All the considerations in the previous part were within the Born-Oppenheimer 

approximation, when the electronic, rotational, and vibrational movements of the 

molecule are separable. However, in some molecules a significant interaction may occur 

between the three types of movement and in our case of SiH these effects appear to 

become important for the (1,1) and (2,2) vibrational bands. 

This means that in eq. (A2-4) the electronic transition moment may also depend 

on the vibrational and/or rotational quanturn numbers. According to Carlson et al. 

[CAR78] this is indeed the case. We can write: 

where it is possible to write: 

e"v"J" 2 1 
IRe'v'J' I "' e"v"J" . 

r , 'J'(rad) e v 

(A2-8) 

(A2-9) 

I h. 1 r 1 e"v"J"( d) · h d' t' 1·r · .r • · .r n t IS ast 10rmu a, r , , J, ra IS t e ra za zve 11etime 10r spontaneons emisswn 10r e v 
the transition specified by the indices. 

However, in addition to radiative decay, other de-excitation processes may occur 

with characteristic lifetimes re','v','JJ':(i), of which predissiocation (i.e. the dissociation of e v 
a moleculestarting from a highly excited vibrational/rotationallevel in electronic states) 

seems to be the most important in our case of SiH. The resulting total lifetime 
11 "J" re, v, J, (tot al) will of course be smaller than the radiative lifetime, as other channels of e v 

de-excitation are present besides the radiative de-excitation. 

Carlson et al. made an elaborate survey of the total lifetimes of several vibrational 

levels in the A2t:,. state of SiH and observed a strong predissociation effect for the 

(1,1) band starting from J = 14.5 and an even stronger effect for the (2,2) band 

[CAR78]. 

If we suppose predissiociation to be the dominant effect [CAR78] responsible for 
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this lifetime change, we can adjust our formulae in a fairly simple way by multiplying 

the line intensities by the ratio of the total lifetime (i.e. including predissociation) and 

the radiative lifetime for a specific upper level, bath of which have been obtained from 

Carlson et al.. This is exactly what has been done in our program, which uses the final 

formula: 

e"v"Jn rttojj I , 'J' = Const·v4·q, 11 ·SJ'J 11 ·exp(-G(v')hc/kTvib)·exp(-F(J')hcjkTrot)· e V V V Tra , 

(A2-10) 

env"Jn e"v"J" 
whete r(tot) and r(rad) are abbreviations for re'v'J'(total) and Te'v'J'(rad), 

respectively. Eq. (A2-10) states, that by predissociation the transmission probability for 

transitions starting from a certain state (e',v',J') decreases by a factor r(tot)/r(rad). 

The changes between calculations with and without predissiociation will be shown later. 

4. Examples of program results, Temperature determination 

The final steps made by the program are a simple convolution of an apparatus 

profile --either triangular or Gaussian- with an arbitrary half width-half maximum 

(HWHM) value and a correction ( eventually) for the system sensitivity as a function of 

wavelength (appendix 1 ). Preparation of the obtained results for the graphics program 

"slide write plus" completes the calculation. The correction for the system sensitivity is 

used in all the following calculations but the one compared to the results by Perrin (fig. 

A2-1). Furthermore, as we generally use fairly large HWHM values, corresponding to 

our large slits (appendix 1) we used a triangular apparatus profile for all the 

calculations. The same was done by Perrin. 

We can now take a look at the results we obtained by running the program for 

different valnes of the parameters (Trot> Tvib> and the HWHM value in Á). First a 

preliminary run was made to campare the program results with the ones obtained by 

Perrin [PER80]. This result is given in figure A2-1a, while the result by Perrin (for the 

same conditions) is depicted in figure A2-1b (from [PER80]). It can clearly beseen that 

the results are very similar, as they should be, as bath make use of the same calculation 

principles. 

Figures A2-2 gives an additional view of the rotational structure within the (0,0) 
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vibrational band for a high resolution run. 

75 

{o,o) (•,t) 

Qt. 

50 

t 
"' I ~ R, 25 Q., Q, 
li 

4050 4100 4150 4200 4250 

A. B. 
Figure A2-1. Calculations by our program (a) compared with those by Perrin 

{PER80} {b) with identical parameters, Trot= 1800 K, Tvib 3800 K, HWHM = 0.3 Á. 

0 ~-L~~--~LL~Lll~~~~~~~~--~ 

4090 4100 4110 4120 4130 4140 4150 

Wavelength (Angstromsl --> 

Figure A2-2. Details of rotational structure in the {0,0) band of SiH, usmg a 

resolution of 0.1 Á {HWHM), Trot= 2300 K, Tvib = 5000 K. 
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A. Wavelength (Angstroms) --> 8. Wavelength (Angstroms) --> 

Figure A2-3. The influence of changes in the apparatus profile convoluted with the 

calculated lines and intensities. Both graphs use Trot = 1800 K1 Tvib = 3800 K; Graph 

A uses a HWHM value of 0.05 Á1 whereas graph B uses 1.2 Á. 
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Figure A2-4. The influence of predissociation: graph A is a run with1 graph B a 

run without the effect of predissociation. Other conditions are: Trot = 1800 KI 

Tvib = 3800 K
1 

resolution HWHM = 0.6 Á. Only the peak at 4250 Ál originating from 

the {2
1
2} band

1 
is heavily influenced by predissociation effects. 
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Figure A2-5. The changes m the calculations when Tvib is increased {left: 

3000 K1 right: 6000 K}; Trot is kept constant {at 3000 K}. 
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Figure A2-6. Changes in the calculations when Trot zs increased {left: 2000 K1 

right: 4000 K}1 while keeping Tvib constant at 3500 K. 
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The influence of the HWHM value of the apparatus profile can be judged from 

figure A2-3, giving calculations for identical temperatures but different resolutions. The 

lower resolution not only causes the individual line structure to blur, but affects the 

intensities of the band heads ( the large peaks in figure A2-4b) as well. 

The effect of predissociation is shown in figure A2-4. When the predissociation is 

neglected, the band heads from the (2,2) band increase in strength, whereas the other 

peaks appear to be identical for both cases. This means, that predissociation is -for the 

moment- not very important as we cannot distinguish the (2,2) band heads from our 

measurements. This is a result partly from the noise level (c.q. the low intensities 

received from the SiH transitions in our plasma) and partly from the presence of strong 

argon lines in the (2,2) region ( 4250-4350 Á). 

Determination of rotational and vibrational temperatures 

One more aspect is yet to be examined: the influence of vibrational and rotational 

temperatures on the calculations (from now on all calculations include predissociation). 

This was done by investigating a series of calculations where one of the temperatures 

was kept at a fixed value, while the other was varied. Some typical cases are depicted in 

the figures A2-5 and A2-6. 

The influence of the changes in Tvib (fig. A2-5) are most clear from the relative 

heights of the Q2 band heads for the (0,0) and the (1,1) band, the latter coming up 

strongly with increasing Tvib· This peak height ratio was indeed used to estimate the 

vibrational temperatures in our plasma. 

The influence of a change in Trot (fig A2-6) can clearly be seen by looking at the 

peak height difference in the R branches band heads for the (0,0) and the (1,1) bands. 

The differency is especially clear for the (0,0) band, but unfortunately these R branches 

band heads lie at the same wavelength position as the -in our case relatively very strong

Hó-Si I lines around 4101/2 Á. This is the main reason why we could not give a reliable 

estimate of Trot in the case of 30 amps are current ( chapter 5). 

The procedure foliowed to obtain rotational and vibrational temperatures was the 

following: we started by doing a number of calculations, changing Trot or Tvib by 

relatively large steps (500 K) and keeping the other constant. By doing so, we could get 

a feeling of the influence of rotational and vibrational temperature changes on the diffent 
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peak heights. We compared the measured peak height ratios with the calculations and 

eventually did some extra runs ( with smaller differences in the parameters) to obtain a 

best possible fit of the experimental spectrum and thus an estimate for Tvib and Trot· 

Because of the many problems associated with the measured spectra, however, the 

obtained values ( especially Trot) are no more than upper limits for the given 

temperatures. This is explained by consiclering an extra atomie (e.g. Ar) line to be 

present in the region of the (1,1) R branches or the (1,1) Q2 branch. This would cause 

the (non-resolved) total peak to be higher than would be expected from the molecular 

spectrum alone. Now the R branches increase in strengthwhen Trot increases whereas 

the (1,1) Q2 branch shows the same dependenee on Tvib· The values obtained for 

these temperatures should thus be considered as upper limits for their real value in the 

case of disturbing atomie lines - and there are disturbing Ar lines present in the 

wavelength regions mentioned. 
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Appendix 2a. Molecular Spectroscopy: finer details on 

coupling cases and selection rules 

In this appendix we can fill in some of the "missing parts" leading to a detailed 

theoretica! description of the electronic transition A2/1- X2II for the SiH molecule: 

the coupling cases, the selection rules, and some specific SiH details. The more 

practical approach (i.e. leading to the spectrum simulation) is described in appendix 2) 

1. Coupling of rotation and orbital motion 

We enter the theory ( chapter 2) in section 2.4. So far we had developed concepts 

for rotation, vibration and electronic states separately. We will now combine the three 

energy types and catch the full picture as anticipated in figure 2.1. 

(a) Total angular momenturn about the internuclear axis, Term types 

As a first approach we can suppose that bath :è and S precess about the 

internuclear axis with constant components along this axis and define the total angular 

momenturn n about the internuclear axis, which is found by a simple addition: 

n = 1 + S. (A2a-1) 

In our case, the addition of the components along the internuclear axis is a simple 

algabraic one so we can introduce another "good" quanturn number for n, giving the 

absolute value of the component of n along the internuclear axis: 

o =IA+ Msl (A2a-2) 

(where, in literature, Ms is sametimes named "~"). Here are a few examples of the 

values the new quanturn number may take: 

singlet 

doublet 

S=O 
s = 1/2 

0 =A; 

0 =A± 1/2; 



triplet 

quartet 

etc. 

s = 1 

s = 3/2 
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n = A ± 1 or n = A· 
' 

n = A ± 1/2 or n =A ± 3/2; 

With the total angular momenturn about the internuclear axis defined we may now 

formally introduce the full term type symbols for electronic states in the following way: 

Term symbol: 2S+1[A] 
A+M' s 

(A2a-3) 

where [A] may stand for the symbols ~,ll,Ll, ... we have already encountered. To make 

this designation complete an extra character X,A,B,C,... may be added in front of the 

term type symbol to indicate whether the state is a ground state (X) or one of the 

excited states (A,B,C, ... ) of the molecule under consideration. In our case of SiH we 

find a ground state of type X2I1 and a first excited state of type A 2.::1 ( the absence of 

the subscript will be explained when we consider the Hund's coupling cases below). 

(b) Coupling of rotation and orbital motion 

So far we have neglected the interaction between the motion of the electrans as 

represented by È and S and the rotation of the molecule as a whole, which can be 

accounted for by introducing the angular momenturn of nuclear rotation N. The 

resultant sum of È, 'S and N is then, finally, the total angular momenturn vector l . 
Note, that when A = S = 0, l = N and we obtain the simple rotator of section 2.2(a). 

For A,S f. 0 there are several possibilities to obtain the total angular momenturn l; 
which possibility is the right one ( or, for that matter, the best approximation) depends 

on relative coupling of the different angular momenta to the internuclear axis and to 

each other. This is described by the so-called Hund's coupZing cases [HER50]. We shall 

only discuss the most important of these cases here. 

Hund's coupling case (a) 

See figure A2a-l. In this case, we assume the interaction between the nuclear 

rotation and the electronic motion to be very weak, whereas the latter is very strongly 
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coupled to the internuclear axis (this is the situation in fact discussed in sectien (1 a). 

The total angular momenturn is in this case defined by: 

(A2a-4) 

n and N rotating about j in a process called nutation. t and S, however, precess 

about the internuclear axis with much larger velocities. 

Note, that in Hund's case (a) the quanturn number J for the total angular 

momenturn (related to the total angular momenturn by IJl = 1LJJ(J+1) and already 

encountered in sectien 2.2 of chapter 2) is related to 0 by: 

J = o, 0+1, 0+2, ... (A2a-5) 

Note, that J is half-integral when 0 is half-integral (i.e. for an odd number of 

electrons) and integral when 0 is integral (i.e. foraneven number of electrons). 

Figure A2a-1. Vector diagram for Hund's case (a). The nutation is indicated by a 

solid ellipse, whereas the (much jaster) precession processes are disignated using 

broken-line ellipses. 
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The rotational energy equation in its simplest form (chapter2 - (2.13)) will -in 

case (a)- have to be changed to [HER71, HER50]: 

(A2a-6) 

with Bv a constant for a given vibrational quanturn number and multiplet system. 

Compared to the energy levels of the simple rotatorsome levels (those with J < 0) are 

absent, following eq. (A2a-5). In figure A2a-2 an example is given of the rotational 

levels for two electronic case (a) states. For different n there appear different level 

positions (for the same J value), the number of different positions being determined by 

the multiplicity of the level (see section (1 a)). 

J 
81h 

J 7'12 

gv '2 6\2 

7'i2 -5 1,2 

4'' '2 
6% 

3 1,2 

5 1A! 1% ---------
4\'2 

2II% 3% 
2~2 

'h 

2111/2 
(a) 

J 
9---

3--

J 
s--

6--

4--
3---
2---
------------------

(b) 

J 

6---

::::::.. ---------= 

Figure A2a-2. The first rotational energy levels for a 211 and a 3D. state in 

Hund's case (a). The dotted levels do not occur, as follows from eq. {A2a-5). 

Hund's coupling case (b) 

In this case a zero or very weak coupling of S to the internuclear axis is assumed. 

This breaks up the validity of our reasoning in section (1 a) as n is now no langer a 

"good" quanturn number. In case (b) (illustrated by fig. A2a-3) another "good" 

quanturn number can be defined, however, if we abserve that N and K now couple to 

farm a resultant vector R: the total angular momenturn apart from spin: 
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R = N + K. (A2a-7) 

This resultant R is coupled with S to form the total angular momentum: 

(A2a-8) 

The new, good quanturn number K (which is frequently designated "N" in literature 

after 1952) can take the values: 

K =A, A+1, A+2, ... , (A2a-9) 

in which case J can assume the values 

J = (K+S),(K+S-1), ... , IK-SI (A2a-10) 

by the rules of vector addition. 

In general, when S < K, a level with fixed K splits into (2S+l) components 

with different J: the magnitude of the splitting increases with increasing K. 

Figure A2a-3. Vector diagram for 

Hund's case {b}. The nutation of 

the figure axis about K {broken

line ellipse) is supposed to be 

much slower than the precession 

of S, R about 1 (solid line 

ellipse. For A = 0, lt = Fr is 

perpendicular to the internuclear 

axzs. 

"-------, .. _ , 
I 

' ' ' ' ' ' '' ........ 

........................ 

' ' ' ' ' ' \ 
A l 

........ ,' -----
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Two examples of rotationallevels in Hund's case (b) are given in figure A2a-4. In 

the doublet case, e.g. 2E, the rotationallevel positions are given by Herzberg [HER71, 

HER50]: 

Flv(K) = Bv·K(K+l) + (r/2)·K; 

F2v(K) = Bv·K(K+l)- (r/2)·(K+l); 

F1: J = K +t; 
F2: J =K-t. 

i.e. a splitting of: 

(A2a-11) 

(A2a-12) 

The levels of a case (b) rotator are closely those of a simple rotator, with an extra 

splitting "' K due to 'Y :F 0. 

Figure A2a-4. First rotational 

levels of a 2E state {left) 

and a 3E state {right). Note1 

that for 3E1 for a given K 

the levels do not Zie in the order 

aftheir J-value. 
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2. Uncoupling phenomena, A-type doubling, symmetry properties 

In this section some details about the electronic states are discussed, which are of 
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some importance in our SiH case. 

(a) Spin uncoupling 

Generally, for TI,ö states, case (a) is a good approximation without rota ti on or 

with very low rotational velocities, defining n = K + S. As J increases, however, the 

rotational velocity may become comparable to the precessional velocity of S about the 

internuclear axis, causing S to become uncoupled from this axis in a process called 

spin-uncoupling. At this point, :R: = K + N forms and we enter case (b ). This 

peculiarity is present in the X2TI ground state of SiH, which is described by case (a) for 

lower J and moves gradually to case (b) as J increases. This complicates the 

calculation of levels in the case of SiH. The first excited state A2ö is, by the way, a 

firm case (b) state up to high J-values. 

(b) A-type doubling 

We have seen, that if A j 0, there is always a twofold degeneracy. That is, if we 

neglect the interaction between I and the rotation of the nuclei, as we have done this 

far; we have always considered I to be very strongly coupled to the internuclear axis. 

This ,however, may change with increasing J and this uncoupling of I from the 

internuclear axis is called A-type doubling. It is usual a very small effect (in comparison 

to the multiplet splitting) but not a negligible one in the X2TI ground state of the SiH 

molecule [KLY79). 

The resulting splitting of each level of a state (with A j 0) appears to be 

symmetrie with respect to the unperturbed level. A-doubling components of a level are 

distinguished using subscripts c and d (sometimes e and f in literature); so we 

obtain F 1c(J) and F 1d(J) rotational terms, for example. 

( c) Symmetry properties 

The rotational levels of diatomic molecules can be characterized by certain overall 

symmetry properties, some of which we have already encountered.Perhaps the most 

important of these properties is parity, which is positive ( +) when a wave function does 
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not change sign for a reflection of all particles at the origin, and negative (-) when it 

does. If we write (in the Born-Oppenheimer approximation) the total wave function as a 

product: 

(A2a-13) 

the overall symmetry will only depend from the symmetry properties of the rotational 

eigenfunctions 7/Jr if the electronic and vibrational eigenfunctions have positive parity. 

The parity of a rotational eigenfunction depends on the rotational quanturn 

number J to be even or odd. In a ~+ state, for example, the rotational levels are 

+,-,+,-, ... for J = 0,1,2,3, ... while for a ~- state the levels are -,+,-,+, ... for 

J = 0,1,2,3, .... 

In the case of A-type doubling, whic~ lifts the twofold degeneracy for levels with 

At 0, one of the A-type componentsis ( + ), the other (-). Alternatively it is the upper 

or lower A-type level that is positive [HER71]. 

In the case of a homonuclear molecule an extra symmetry is introduced by the 

exchangeability of the two nuclei without changing the system as a whole. A total wave 

function is either symmetrie (''s") or antisymmetrie ("a") under such an exchange. In 

the case of an even ("g") state, the positive ( +) rotationallevels are symmetrie (s) while 

the negative (-) levels are antisymmetrie (a). The situation is reversed for odd ("u") 

states. More detailscan be found in [HER71]. 

3. Electronic transitions 

So far we have introduced the description of electronic states and rotational and 

vibrational levels within electronic states, i.e. we now can understand in a more 

complete way the positions of the levels in fig 2.1 in chapter 2. The next step is to 

consider transitions between levels, as those may be observable in emission or 

absorption. We have already quickly mentioned the three types of transitions 

(rotational, rotation-vibration and electronic) of which the electronic transitions are the 

most important for our case of SiH, as they appear in the visible region of the spectrum 

and are thus easily observed. 

In our treatment of transitions we shall thus concentrate on electronic transitions 
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but the principles also apply for the other types. In analogy with atomie physics we will 

start by discussing selection rules for various transitions. 

Selection Rules 

To establish which transitions between the various energy levels of a molecule can 

occur, we must evaluate the transition moment [HER50): 

R = J 7/J' 1\1 7/1 11 dr, (A2a-14) 

where primed symbols refer to the upper level and doubly primed symbols refer to the 

lower level. Note this convention; we will make use of it very often. In the above formula 

we consider dipale radiation and take into account only the interaction of the 

electromagnetic wave with the electric dipale moment M, the components of which are: 

(A2a-15) 

In (A2a-15), i can take the values x, y or z and k runs over all electrans of the 

system. If the value of IR I is different from zero, the transition is said to be ( dipole-) 

allowed; if it equals zero it is said to be ( dipale-) forbidden. Of course, if the electric 

dipale transition moment is zero, the transition moment in the magnetic dipale or 

electric quadrupale may differ from zero, allowing magnetic dipale or electric quadrupale 

radiation to occur. As these radiation types are always of a very much lower intensity (5 

and 8 orders of magnitude, respectively [HER50]) we shall not consider them here. 

General selection rules 

As in the case of atoms, we have the following rigarous selection rules, for any two 

rotationallevels, defining (for example) llJ:: J'-J 11
: 

llJ = 0, ±1, but J = 0 +-H J = 0; 

+ !--I -, + +-H +' - +-H - ; 

(A2a-16) 

(A2a-17) 



for homonuclear molecules: 

s 1--1 s, a 1--1 a, s H-+ a, 

and: 

u I-I g, u H-t u, g H-t g, 
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(A2a-18) 

(A2a-19) 

where 11
1--1

11 stands for 11 combines with11 and 11
H-+

11 stands for 11 does not combine with11
• 

One other convention has to be introduced: transitions with different ilJ have 

different narnes in spectroscopy, as follows: 

ilJ = -1: 

LU= 0: 

ilJ = +1 

P-transition; 

Q-transition; 

R-transition. 

All the rotational transitions with a specific ilJ within one specific electronic and 

vibrational transition type (a specific band) make up sequences named branches, so we 

may obtain Q, R and P branches, as we shall see in the next section. 

Selection rules for electronic, rotational and vibrational transitions 

As we can, in first approximation, write the total wave function as a product 

(2.51), we can also find separate selection rules for electronic, rotational and vibrational 

transitions. We shall consider those for Hund's cases (a) and (b) in the next two 

sub-sections and take a look first at the electronic transitions. 

For the electronic quanturn numbers A and S, the selection rules are: 

ilA=O ±1· l l 

ilS = 0. 

(A2a-20) 

(A2a-21) 

The latter means that in our approximation electronic states with different multiplicity 

do not combine. For ~+ and ~- states, there is an additional selection rule: 

(A2a-22) 
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For vibrational transitions there are no strict selection rules, save maybe for the 

remark that in a pure vibrational spectrum transitions with n v = ± 1 have a relatively 

large intensity. For vibrational transitions between different electronic states,we must 

apply the Franck-Condon principle, to be discussed in sectien 2.7. One more note on 

notation: a vibrational transition is designated by its upper and lower state vibrational 

quanturn number in brackets, i.e. (v',v11
). 

Selection rules valid only in Hund's case (a) 

When both states involved in the transition are in Hund's case (a), the quanturn 

number Ms is defined, for which the selection rule: 

(A2a-23) 

holds. For the quanturn number 0 the selection ruleis 

nn = o, ±1, (A2a-24) 

with the restrietion that f.j.J = 0 is not allowed when n = 0 (-i n = 0. 

Selection rules valid only in Hund's case (b) 

In this case the quanturn number K is defined, for which the selection rule: 

nK = o, ±L (A2a-25) 

holds, when both states involved are case (b) states. Here also there is one restriet ion: 

nK = 0 is forbidden for ~-~ transitions. 

When nK j nJ the so-called satellite transitions (forming satellite branches) 
appear, having always a very much lower intensity than the main transitions, where 

nK = nJ. 
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4. Allowed Transitions 

Using the selection rules, a whole scale of possible transitions can be deduced, 

which is done extensively for the electronic transitions by Herzberg [HER50]. We shall 

limit ourselves to the important case of 2fl - 2I1 transitions, as we have observed and 

modelled this transition in emission for the SiH radical. As for the other electronk 

transitions, table A2a-1 gives a number of possibilities. For the details we refer to 

Herzberg [HER50]. 

Table A2-1. Allowed electronic transitions {HER50}. All the transitions are possible as 

singlets} doublets1 triplets and sa on but intercombinations -e.g. singlet-triplet 

transitions- are forbidden. 

HETE.R.ONV.CI..fAR 1-/oHOAJUCLEAR 

,2:+ v+ ~~ ..... ,, + ~· + -'g ~ ... u 
2;- f---? ~- rg-~~u-

II ~2:+ n Y + rr ~, .+ g ~""'U 1 ·lt +--+ -.Jg 

n~~- lig~ Lu-, Ilu +--+ ~g-
n~n Ilg~IIu 
n~ .ó. Ilg ~~u, llu~ 6g 
À~~ ~g ~ Dou 

. . . ... 

We shall now praeeed with the 2fl - 2IT transition treatment. 

5.The A2ll- X2I1 transition for SiH or CH insome detail 

First, we ignore the A-type doubling and use selection rule (A2a-16) to obtain the 

three branches as mentioned in the farmer section: 

llJ- -1 - ' 
llJ = 0, 

llJ = +1, 

P-branch; 

Q-branch; 

R-branch. 

We can do this without taking into account the fact that the ground state X2I1 is 

neither in case (a) or in case (b), as we have only used the main selection rule. To 
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continue with our description we can, however, assume X2IT to be in case (b) and 

con si der the deviations from case (b) afterwards. Then, if we consider both states to be 

in Hund's case (b) the above branches are the main branches when 6-K = 6-J. Still in 

case (b ), every rotational level, however, splits in two components designated as F 1( J) 

and F2(J) (as we have already seen for E-states in eq. (A2a-11)): consequently also 

each branch splits in two components labelled 

branches, which may be written down as [PER83]: 

1 and 2. We now have six main 

P 1(J) = F1'(J-1)- F1"(J) + 6-T 

P 2(J) = F2'(J-1)- F2"(J) + 6-T 

Q1(J) = F1'(J)- F1"(J) + L1T 

Q2(J) = F2'(J)- F2"(J) + L1T 

R1(J) = Fl'(J+1)- F1"(J) + 6-T 

R2(J) = F2'(J+1) -F2"(J) + 6-T 

J ~ 3.5 

J ~ 3.5 

J ~ 2.5 

J ~ 2.5 

J ~ 1.5 

J ~ 1.5 

However, since X2II for SiH is not a perfect case (b) but more of a transitional 

coupling type selection rule (A2a-25) may be violated and we also obtain six satellite 

branches, for which L1J :f: 6-K: 

6-J = -1 l L1K = 0: QP21(J) = F2'(J-1)- F1"(J) + L1T J ~ 2.5 

L1J = 0, L1K = 1: RQ 21(J) = F2'(J)- F 1"(J) + 6. T J ~ 1.5 

6-J = +1, L1K = 2: 8R21(J) = F2'(J+1)- Ft"(J) + 6. T J ~ 0.5 

L1J = -1, L1K = -2: 0 P 12(J) = F1'(J-1)- F2"(J) + L1T J > 3.5 

6-J = 0 6-K = -1: PQ12(J) = F1'(J) -F2"(J) + 6-T J > 2.5 l 

6-J = 1, 6-K = 0: QR12(J) = Ft'(J+1)- F2"(J) + L1T J > 1.5 

A few remarks concerning the above equations: 

1. Both term val u es (level positions) and transition energies are measured in cm -t. 

2. The term L1 T camprises the total differnce between the electronic and vibrational 

terms concerned, i.e. L1T = (Ee + Ev)'- (Ee + Ev)". This implies, that for each 

vibrational transition within the given electronic band (2L1 - 2II) the above equations are 

valid! So those twelve branches we have encountered so far are present for each 
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vibrational transition within the electronic transition. 

3. The superscript in the satellite branch narnes corresponds to the value of ~K. 

4. The lower limits on ~J exist because the lowest levels (in our case (b) description) 

are: F 1(2.5) and F2(1.5) for the A2~ state and F 1(1.5) and F 2(0.5) for the X2IT 

state. 

Still we have not found all the branches "available": we have neglected the A-type 

doubling so far. If we take this effect [KL Y79] into account each level splits in two 

sub-levels designated c and d, causing each emission or absorption line to split in two 

components (nat Jour, as for transitions between A-type components the additional 

selection rule + 1---i- (A2a-17) holds). Experimentally the two components have been 

found to have almast the same intensity [KLY79, PER83, HER50]. So, with A-type 

doubling, each branch splits in two components, also designated c and d giving rise to, 

for example, a P lc and a P ld branch. 

For each vibrational transition within the electronic transition this gives us no less 

than twenty-Jour distinct branches, all of which are in fact observed [KL Y79]. 

Schematically, these 24 branches in the case of one distinct vibrational transition ( e.g 

the (0,0) band) are given in figure 2.4 in chapter 2, which we can now fully understand. 

lt is at this point very important to notice, that a figure like 2.4 in fact is 

impossible to construct, simply because it assumes the X2IT state to be described by 

Hund's case (b) which is definitely not true for lower J-values. Therefore, one should 

regard the figure only as one ( easy) way of looking at the electronic transition: it is more 

difficult to think of the X2IT state as an intermediate case between case (a) and (b). 

The real positions of the levels in the X2IT state are described by formulae of a more 

empirical character, as the ones given by Klynning, Lindgren and Sassenberg [KLY79] 

and in appendix 2. This involves fitting of highly accurate experimental data to 

theoretically derived formulae, thus obtaining the unknown constants in the formulae. 

In our simulation program as described in appendix 2 we calculated transitions and 

intensities up to J = 29.5 for the total of 3 x 24 = 72 branches included in the (0,0), 

(1,1), and (2,2) vibrational bands for the A2~ - X2IT transition. 
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Appendix 3: Finer details on atomie spectroscopy 

1. Summary of the atomie emission lines observed at 60 A are current 

In table A3-1 the most prominent atomie emission lines as they were identified are 

listed for each of the atomie species observed. More details on transition types and 

transition probabilities (if known) can be found in [STR68), [WIE69). 

Table A3-1. Summary of atomie emission lines observed. 

1. Silicon I ( transition- wavelength in Á) 

4s-3p 

5p-4s 

5f-3p 

3905.5 

4102.9 

5646.0 

5684.5 

5690.4 

5701.1 

5708.4 

5780.4 

5793.1 

5797.8 

6125.0 

6131.6 

6131.9 

6142.5 

6145.0 

6155.1 

6155.7 

6237.3 

6243.8 

6244.5 

6p-4s 

6d-4p 

6f-3d 

7d-4p 

4748.0 

4755.3 

4772.8 

4783.0 

4805.4 

4947.6 

6721.8 

6976.5 

6526.6 

6527.2 

6555.5 
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2. Silicon 11 ( transition - wavelength in Á) 

4p-4s 6347.1 

6371.4 

4p-3p 3856.0 

3862.6 

3. Argon I 

4p'-4s 6965.4 

- possible lines in the SiH region: -
5p-4s 4158.6 5p'-4s 4181.9 

4164.2 4191.0 

4190.7 4259.4 

4198.3 

4200.8 

4251.2 

4266.3 

4272.2 

4300.1 

4. Hydrogen I (Balmer series) 

3d-2p 6562.7 

6562.8 (Ha) 

4d-2p 4861.3 (HjJ) 

5d-2p 4340.5 (Hr) 
6d-2p 4101.7 (Hb") 

7d-2p 3970.1 (Ht) 

8d-2p 3889.1 

9d-2p 3835.4 
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2. Calculation of absolute values for (n/g) 

To calculate absolute values for the number density per statistica! weight we need 

the ribbon lamp calibration. We start with camparing the photomultiplier output 

currents for calibration (ie) and measurement (im): 

ie oc T· Set" Se2; 

im oc Ipq · Sml" Sm2' (A3-2) 

(A3-1) 

where Ipq is the intensity of an emission line, T is the tungsten radiation (as tabeled 

by [TIM88]) for the same wavelength and S11 S2 are the entrance and exit slit widths, 

respectively. We can put S1 = S2 = S in our experiment for bath calibration and 

measurements and obtain: 

(A3-3) 

We can now introduce the transmission factor k [W m -2sr-1m -1 A -1] determined by the 

Ribbon lamp calibration as k :: (T /ie), again for a certain wavelength, in this 

calculation the wavelenght for the p-tq transition. This gives us for the line intensity: 

(A3-4) 

where Ipq is in [wm-2sr-lm-1]. 

From the Abel inversion, we obtain im for each radial position in units [A/m]. If 

we call this current "per distance" in we have to insert it in ( A3-4) and multiply this 

equation with the wavelength interval ~À (as determined by the monochromator slits) 

for the measurements to obtain the emissivity tpq of the line: 

(A3-5) 

in units [wm-3sr-1]. 

The emissivity of a line is, on the other hand, related to the transition probability 
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Apq of the transition, the wavelength of the line .X, and the number density of the 

upper level nP by [SIJ88): 

(A3-6) 

In this formula, the factor (47r)-1 [sr-1) arises due to (assumed) isotropie emission in all 

directions. The number density per statistica! weight is given by: 

(A3-7) 

The statistica! weights are tabeled by [WIE69) for different atomie transitions. 

This gives us the value we need: an absolute measure for the number density per 

statistkal weight. These absolute values are used in chapter 5. 


