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ABSTRACT 

A toroidal electron cyclotron resonance (TECR) plasma deposition system has been 

built and tested with an argon plasma. Design considerations for the TECR system will 

be discussed and improvements for future designs will be presented. Diagnostic 

techniques were used in the system for comparison with existing ECR and other plasma 

deposition systems. These diagnostics included a magnetic filed profile of the main 

deposition chamber and determination of plasma parameters, such as electron 

temperature, through the use of a Langmuir probe. The results of these diagnostics will 

be presented, as well as a discussion of the accuracy of a Langmuir probe in an ECR 

plasma. Finally, the plasma parameters will be linked to the TECR system's suitability 

for thin film growth. 
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CHAPTER I 

INTRODUCTION 

The main purpose of this research was to develop and test a toroidal electron 

cyclotron resonance (TECR) plasma deposition system for thin film fabrication. Thin 

semiconductor films have played a large role in the applied electronics industry, most 

notably as solar cells, thin fihn transistors and semiconductor coatings. More recently, 

diamond and diamond-like films and coatings have been of interest for their hardness and 

optoelectronic properties when doped. The success of thin film semiconductors and 

especially amorphous materials can be attributed to their ease of production and wide 

range of control of their properties through manipulation ofthe deposition process. 

Almost as many deposition techniques exist as types of films. A deposition 

technique is simply a means of taking a liquid or gas source containing the elements 

desired in the material, and turning it into a film of appropriate character and quality. The 

material is usually laid down on a substrate of some kind, such as glass or crystalline 

silicon, the type depending on the application. A major subset of deposition techniques is 

Plasma Enhanced Chemical Vapor Deposition (PECVD). PECVD utilizes a dissociated 

source gas to provide the necessary ions for deposition. The energy provided by a plasma 

breaks up the molecules, making them reactive at much lower temperatures than with 

purely thermal or chemical deposition processes. PECVD also works at low processing 

pressures, providing a cleaner environment for deposition. The danger of contamination 

is reduced by pumping ambient water or oxygen out ofthe reaction chamber. The plasma 
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can either be made form the source gas itself, or from an inert gas such as argon, which 

then dissociates the source gas via collisions. 

One plasma deposition technique which dissociates the source gas itself is the 

electron cyclotron resonance plasma deposition (ECR-PECVD). This uses electron 

cyclotron resonance heating in the microwave frequency range to ignite the source gas. 

An ECR plasma offers high power absorption for low microwave power applied to the 

system. Also, because it uses microwaves to introduce the electric field into the plasma, 

it eliminates the need for electrodes, further reducing the risk of film contamination. The 

standard ECR system is based on a cylindrical geometry, usually a tube shaped vacuum 

chamber, with roxmd electromagnets configured in a magnetic mirror at one end. The 

plasma is allowed to flow axially down the tube, toward the substrate which is placed so 

the normal to its face is along the cylinder axis. The microwaves are injected at the 

magnetic mirror end, with the waveguide arranged so the electric field is perpendicular to 

the main magnetic field ofthe mirror, perpendicular to the cylinder axis. 

The major modification we made in this study was to replace the magnetic mirror 

with a toroidal coil. The microwaves are injected at one end ofthe torus, and the plasma 

is allowed to flow around the torus to the deposition area. This configuration prevents 

unabsorbed microwaves from reaching the substrate, where they might stress the film 

under growth. The major advantage ofthe toroidal geometry is an effect of what is 

usually considered a disadvantage ofthe torus: toroidal drift. In a toroidal magnetic field, 

the non-uniform field produces both curvature drift and gradient drift ofthe charged 



particles. These combined forces push the ions and electrons in opposite directions. This 

in turn creates an electric field from the separated charged particles, which pushes both 

types of particle toward the outer wall ofthe torus. For film deposition, the substrates 

can be mounted vertically near the wall ofthe chamber. With the substrates oriented in 

this manner, the ions' major component of directed velocity is not perpendicular to the 

film. This will reduce the destructive effect of energetic ion bombardment. This 

substrate position also increases the area of deposition, so it is no longer limited by tube 

size as in the cylindrical geometry. A toroidal geometry can achieve a much larger 

deposition area per chamber size, increasing the space efficiency ofthe system and in 

some cases having a much larger deposition area than could realistically be achieved in a 

cylindrical design. 

The toroidal system in this work was run primarily with an argon plasma for 

diagnostic purposes. Diagnostics ofthe plasma system provide an important way to 

characterize the deposition process with a few simple parameters. Parameters ofthe 

plasma provide a way to translate a known successful process to a different plasma 

system, where operating conditions may differ, but if a similar electron temperature or 

plasma density can be created, similar films can be produced. The plasma parameters 

also provide information important for understanding the basic processes involved in the 

deposition. For example, electron or ion temperature will be related to the degree of 

ionization that will be produced in the plasma. In some cases, a specific ionization state 

may be necessary for forming films with the desired characteristics. In this work, 



parameters of an argon plasma were determined to test the system's suitability for film 

deposition without the use of costly, and in some cases hazardous, source gases. 

The toroidal deposition system described in this work was run with an argon plasma 

at pressures of 10, 20, and 30 mTorr. The microwave power was varied from 45 to 55 

Watts. The microwave frequency was 2.45 GHz, which met the resonance condition with 

a magnetic field of .0875 Tesla. Based on previous ECR plasma diagnostics, we 

expected an electron temperature between 1 and 10 eV, and a density of about 10" 

cm-^(l,2). 

The next chapter will develop the theory of ECR plasmas in general and describe 

some ofthe theoretical considerations of a toroidal ECR plasma in particular. Chapter III 

will describe the system in detail, and give a qualitative description ofthe operation of 

the system. Chapter IV will describe the diagnostics used on the system, and derive some 

important plasma parameters such as electron temperature and plasma density. Chapter 

V will discuss the implications ofthe results ofthe characterization ofthe plasma, and 

give recommendations for further design improvements and future research goals. MKS 

units are used except where noted, and end results such as electron temperature and 

plasma density are converted to more traditional units, namely electron volts and cm'̂ . 



CHAPTER II 

THEORY 

ECR Theory 

To create and sustain an ECR plasma, microwaves at a specific frequency are 

injected into a region containing a large static magnetic field. If the frequency ofthe 

microwaves matches the electron cyclotron frequency at that magnetic flux density, high 

power absorption is achieved as the microwaves accelerate the electrons, causing them to 

spiral aroimd the magnetic field lines at higher velocities and larger radii. This usually 

occurs in a small region where the exact resonance condition is met, and it is termed the 

ECR layer. Electrons receiving energy in this layer eventually drift downstream and 

proceed to collide elastically with ions, neutral particles, and other electrons. 

To understand the motion of electrons under ECR acceleration, we first must look at 

their motion before microwave energy is introduced into the system. The motion of 

charged particles in a static magnetic field and under coUisional conditions are examined 

in the next section. Then finally the effects of an oscillating electric field, superimposed 

on this motion, and the resonant power absorption are studied. 

Motion of a charged particle in a static magnetic field 

A sufficiently low density plasma can be treated as a sea of individual particles, with 

sparse collisions and no coherent effects. Since plasma enhanced thin film deposition is 



done at pressures in the mTorr range, deposition plasmas usually have well-behaved low 

densities. ECR plasmas used for deposition have such low charged particle densities 

relative to magnetic and electric field strengths, that any collective motion ofthe particles 

vdll not significantly alter the EM fields. 

The equation of motion for a single charged particle in a static magnetic field is 

given by 

dt ^ 

where m is the mass ofthe particle, which has a charge q, v is its velocity. B is the 

external magnetic field. This equation naturally separates into components parallel and 

perpendicular to the external magnetic field. The velocity ofthe particle parallel to the 

magnetic field is imaffected. The particle's velocity perpendicular to the magnetic field 

follows the equation 

-^ -^ ±ifi)t (2 -2 ) 

where Vĵo is the initial velocity perpendicular to the magnetic field. This motion is 

known as cyclotron gyration. The charged particle will circle around the magnetic field 

lines, or travel in a helical path around the field lines if an initial velocity parallel to the 

field exists. 

The frequency at which the particle gyrates was determined by the equation of 

motion, 

0 = ^ . (2-3) 

where co = ©e, the cyclotron frequency. The standard magnetic field density used for 



ECR plasma deposition is .0875 Tesla, corresponding to a cyclotron frequency of 2.45 

GHz. The direction and radius of gyration are determined by the initial velocity 

perpendicular to the magnetic field. The radius, known as the Larmor radius is given by, 

y^ _ mvi 

The average Larmor radius can be calculated if the temperature ofthe charged particles is 

known. The average velocity ofthe charged particles in a plasma is related to the species' 

temperature through: 

The Larmor radius for electrons at 10 eV in a 0.0875 Tesla magnetic field is then 8.6x10'̂  

cm. The Larmor radius of singly charged argon ions under similar conditions is 2.3 cm. 

Collisions 

The effects of multiple particles, charged or otherwise, existing in the reactor 

simultaneously can be sufficiently described through collisions. Electrons play the most 

important role in coUisional processes because their lower mass allows them to be 

accelerated to higher velocities, giving them higher collision frequencies. Therefore the 

dominant coUisional processes in the weakly ionized, low pressure plasmas used for 

deposition are electron-neutral atom elastic collisions and electron-electron collisions. 

An important plasma parameter related to collisions is the mean free path, defined by 

>. = (Na)-', (2-6) 

where N is the particle density and a is the collision cross section. The mean free path is 



a measure ofthe average distance an electron travels between collisions. For example, 

the electron-neutral mean free path of an argon plasma at mTorr pressures is on the order 

of 15 cm, so an electron travels, on average, 15 cm before colliding with a neutral atom. 

Another parameter important to describing the collisions is the collision frequency, 

v=Ncyv, (2-7) 

on where v is the electron velocity. The electron-neutral collision frequency will depend 

the operating pressure ofthe reactor through N, the neutral particle density. If the 

pressure is high enough for v > ©„ the electrons cannot complete a full gyration, and the 

efficiency of energy transfer from the microwave to the electrons will be greatly reduced. 

For an argon plasma at 10 mT ambient pressure and an electron temperature of 10 eV, the 

electron-neutral coUisional cross section is 2x10''^ cm .̂ The collision frequency is then 

12x10 i6„- l 

The electron-electron collision cross section is given by (3) 

e^hiA 
CT = 

47i£o(mv^) 

where (2-8) 

127t(sokT/e )̂̂ ^^ 

Vn 

and n is the charged particle density ofthe plasma. It can be seen that the 

electron-electron coUisional cross section depends most on the electron's velocity or 

kinetic energy. Higher velocities give less interaction time between the electrons, 

resulting in a lower coUisional cross section. 
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Although A depends on electron temperature and density, it is a slowly varying 

function, and for most plasmas, ln(A) is approximately 10 (4). For a plasma with a 

density of 10'° cm"̂  and electron temperature of 10 eV, the electron-electron coUisional 

cross section is 6.6 x 10''* cm^ (3). The electron-electron mean free path is aroimd 150 m. 

The large mass difference between electrons and neutral atoms makes the energy 

exchange of electron-neutral collisions much less effective than that of electron-electron 

collisions, so simply comparing collision frequencies is not a good measure of which type 

of collision is more important to energy exchange. The importance of electron-electron 

collisions is quantified by the parameter (3) 

P = Ve(vo)/5v„(vo). (2-9) 

The electron-electron (vj and electron-neutral (v„) collision frequencies are to be 

evaluated at VQ, given by 

vo = (2kT/me)''', (2-10) 

again from the average kinetic energy ofthe electrons. The electron-electron collisions 

are more important than the electron-neutral collisions when P > 1. The weighting factor 

5 is given by 

5 = (2me/Mn), (2-11) 

where M„ is the neutral particle's mass. This parameter P is a ratio ofthe rate of energy 

lost by the electrons through electron-electron collisions to the rate of energy lost through 

electron-neutral collisions. The coUisional energy loss parameter P is on the order of 10̂  

in the TECR system, because ofthe low plasma density. This means the 

electron-electron collisions are a significantly more important energy distribution 
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mechanism than the electron-neutral collisions. However, since both coUisional mean 

free paths are so large, the distance traveled by the electron before collision is determined 

more by the size ofthe chamber, and the plasma can be considered essentially 

coUisionless. Table 2.1 summarizes important coUisional parameters for a typical low 

density, low energy plasma. 

Microwave power absorption by electrons 

The motion of charged particles under the influence of both electric and magnetic 

fields rapidly becomes complex. However, the Lorentz gas model provides a simple way 

that power absorption by the plasma can be considered. In this model, the electrons are 

free to move against a backgroimd of ions and neutral atoms which provide a damping 

force. This is a good model for a plasma that is weakly ionized. The equation of motion 

appropriate under these conditions is the following Langevin equation: 

^ m e t = e ( ? + ̂ x ^ ) - m e ^ v „ . (2-12) 

In this equation, v is the velocity ofthe electron, m^ is its mass, and e is the charge ofthe 

electron. E and B are the external electric and magnetic fields, and v„ is the 

electron-neutral collision frequency. 

Since the external electric field comes from the injected microwaves, it is completely 

oscillatory, having the form: 
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Table 2.1 Plasma CoUisional Parameters 

Plasma parameter 

Density 

CoUisional cross 

section 

Mean free path ^'^ 

Collision frequency ^^ 

Weighting factor for 

Argon *̂̂  

Rate of energy loss 

ratio *) 

n,N 

a 

X 

V 

5 

P 

electron-electron 

collisions 

10'° cm-̂  ("> 

6.56 x 10-'' cm^ <̂̂  

15000 cm 

0.012 MHz 

2.75 X 10"' 

360 

electron-neutral 

collisions 

3.3 X 10" cm"̂  ^^ 

2x10"" cm' <"> 

15 cm 

12MHz 

2.75 x 10-' 

360 

(a) from reference 1 

(b) reference 3 p.351 for 1 mTorr 

(c) from Eq. (2-10) kT = 10 eV 

(d) reference 2 p. 31 

(e) from Eq. (2-5) 

(f) from Eq. (2-6) 

(g) fromEq.(2-9) 

(h) from Eq. (2-7) 

If the magnetic field has magnitude B and is in the z-direction of an x-y-z Cartesian 

coordinate system, the equations of motion in the x and y directions for the electron are: 

(Vn + iCO)meVx,y = e(Ex,y + Vy,xB). ( 2 - 1 4 ) 

The electron velocity is related to current density through 

J =ene V, 
(2-15) 

where e is the electron charge and n̂  is the electron density. Equations (2-14), (2-15), and 

Ohm's Law, 

t o -̂ ^ (2-16) 
J = a • E, 
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can be combined to solve for a, the conductivity tensor: 

CT = 

CTi a x 0 

- O x CTi 0 

0 0 CT| 1 

Since the oscillating electric field only pumps energy into the electron's gyration 

perpendicular to the magnetic field, the most interesting part ofthe conductivity tensor is: 

G± = 
UeS^ Vn + lCO 

m * (\„ + i(oy + ol' 
(2-17) 

where cô  = eB/m^ is the electron cyclotron frequency, and © is the frequency ofthe 

electric field. 

Since the power absorbed is equal to 

Pabs = Re|^E • a •Ej, 

then after some algebra, the absorbed microwave power is, 

(2-18) 

Pabs = 
47rneê Vn 1 + • 

1 
2me [ v ^ + ((D-COc)^ V^+(0)+t0c) 

iEr (2-19) 

If the collision frequency is reasonably small, resonant power absorption is achieved at 

the microwave frequency of co = 0)̂ . Therefore the electrons will become extremely 

energetic in the region where the microwave frequency and magnetic field match the 

resonance condition. 
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Cylindrical System Theory 

The standard ECR deposition system has a cylindrically syirmietric magnetic field, 

pointing along the cylindrical axis. This can be achieved with circular electromagnets, 

whose position can be varied relative to each other to create any desired magnetic field 

profile. Resonant power absorption will occur where the magnetic field makes the 

electron cyclotron frequency match the microwave frequency. This generally happens 

somewhere along the cylindrical axis in a short region of space. In this region, there is a 

visible brightening ofthe plasma in a very thin layer, known as the ECR layer (for more 

information on cylindrical systems in general, and the one at Texas Tech in particular, see 

references 1 and 5). 

Electrons in the ECR layer v^U be accelerated by the microwave's electric field to 

extremely high velocities and large Larmor radii. While the electric field is increasing, 

the electron will accelerate perpendicular to the magnetic field, as the electric field 

decreases, the electron continues to accelerate, only not as much as with the first 

quarter-wave. When the electric field turns over and increases in the opposite direction, 

the electron is accelerated in that direction, again for the full half-wave. Figure 2.1(a) and 

(b) show the paths of electrons with various phases under ECR conditions. Electrons 

with the correct phases (Fig. 2.1a) will be accelerated through the entire wave cycle, 

electrons with the wrong phase will decelerate. The decelerating electron (Fig. 2.1b) will 

travel on an inward spiral until it slows to a stop, then accelerate in phase with the electric 

field. The accelerating electron continues to travel in an ever-increasing spiral around 

13 



(a) depicts the path of an electron accelerating under ECR conditions. The circle shows the 

path ofthe electron before the oscillating electric field is introduced 

(b) shows the decelerating electron's path is a decreasing spiral. The electron slows to a stop, 
then accelerates with the proper phase. 

Figure 2.1 Electron paths under ECR conditions. Siuprisingly, only electrons in 
phase with the electric field decelerate. All other phases modeled accelerated 
immediately with the electric field. 
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the magnetic field line until it collides with the chamber wall, another electron, an ion, or 

a neutral particle, or it moves out ofthe ECR layer. The maximum energy the electron 

obtains in an ECR plasma is therefore dependent on the collision frequency, or ultimately 

the operating pressure ofthe system. 

This continuous acceleration of already energetic electrons may result in an electron 

energy distribution fionction which is unusually non-Maxwellian (6). However, outside 

the ECR layer, multiple elastic collisions with neutrals, ions, or other electrons should 

spread out the electron velocities in a more evenly distributed manner. Because of this, in 

most ECR systems, the deposition region is separated from the ECR layer. The substrate 

is placed downstream from the plasma formation region. The plasma in the deposition 

region should be well-behaved and have lower energy than the plasma near the ECR 

layer. A lower energy plasma may be desirable because energetic ion bombardment of 

the previously deposited film is suspected to damage the film. 

The magnetic field shape usually chosen for cylindrical systems is the magnetic 

mirror. The magnetic mirror offers the advantages of partial confinement ofthe plasma, 

and a continuously varying magnetic field strength along the symmetry axis. Since the 

deposition area is outside the magnetic mirror configuration, only partial confinement of 

the plasma is desired. Charged particles with a high velocity along the cylindrical axis, as 

compared to velocity perpendicular to the axis, will escape the magnetic mirror. By 

changing the relative position ofthe magnets, the efficiency of confinement can be 

varied, allowing charged particles of different energies to escape, effectively allowing the 
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mean energy ofthe particles to be tailored for each application. The second advantage, 

constantly varying magnetic field strength, allows for control over the placement ofthe 

ECR layer. This also allows the energy ofthe charged particles incident on the substrate 

to be controlled. The energy of charged particles in the deposition region determines 

what ion species are present to facilitate deposition. Also, the incident energy of heavy 

ions bombarding the film may affect the film quality. Therefore a narrow energy range 

for the charged particles may be necessary. An ECR plasma allows for great control over 

the plasma parameters. Figure 2.2(a) shows a schematic diagram ofthe linear ECR 

system at Texas Tech, which is typical for ECR deposition systems. 

Toroidal System Theory 

The toroidal ECR system has all the advantages ofthe usual geometry, with just a 

change in magnetic field shape. The requisite magnetic field strength is created with 

toroidal current windings surrounding a racetrack or stadium shaped deposition chamber, 

as shown schematically in Figure 2.2(b). The 2.45 GHz microwaves are injected into a 

small section ofthe toroidal chamber to produce the ECR layer. The film deposition 

takes place downstream, anywhere aroimd the major radius ofthe torus. The entire 

unused portion ofthe toroidal vacuum chamber can be lined with substrates for large-area 

deposition. Since toroidal reactor geometries have been used extensively in the past for 

plasma applications, existing knowledge of plasma flow in a torus will be useful in 

converting an ECR deposition system to a toroidal geometry 
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Figure 2.2 ECR deposition schematics. A comparison ofthe cylindrical and 
toroidal deposition systems. 
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A plasma chamber with toroidal DC current windings does not have plasma 

confinement in the same sense as in the magnetic mirror. There are, however, various 

types of plasma drift involved, and if these are not sufficient to achieve the desired 

plasma parameters, a positive potential may be placed on the chamber to increase the ion 

transport efficiency (6). The two types of drift from simple DC toroidal windings are 

grad-B drift and curvature drift. 

A nonuniform magnetic field, such as one containing a field gradient, will cause a 

charged particle's Larmor radius to be different at each phase in its orbit. The path ofthe 

charged particle with a uniform magnetic field would be a helix aroimd the magnetic field 

lines, but the varying orbital radius of a particle in a field gradient will create a net drift 

perpendicular to both the magnetic field lines and the direction ofthe gradient. In the 

case of a toroidal geometry, the magnetic field strength decreases along the major radius 

(turn radius). The field gradient is inward along the major radius, causing the particle's 

gyration center to drift toward the top or bottom ofthe chamber. The grad-B drift can be 

quantified with the formula: 

—> 
-^ ,1 B xVB n 90^ 
v VB = ± 2 V i r L — ^ ^ — , <-^^^>' 

where Vg is the gyration center drift velocity, v^ is the velocity ofthe particle 

perpendicular to the magnetic field, and rL is its Larmor radius (4). 

Centrifugal force, when the particle follows the magnetic field lines around a turn, 

gives rise to curvature drift. The center of a charged particle's gyration runs along the 
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magnetic field lines. The net drift induced by a curved field line is perpendicular to both 

the magnetic field line and the radius of curvature. In the case of a toroidal field, this 

pushes the center of a charged particle's gyration toward the top or bottom ofthe 

chamber, depending on the direction ofthe magnetic field. The curvature drift, which 

follows quite simply from the average centrifugal force, is (4) 

2 -^ -^ 

-^ mv| I RcX B 
V R = qB^ Rl 

(2-21) 

where R̂  is the radius of curvature ofthe magnetic field lines. 

In a toroidal chamber, the magnetic field only has components in the 0 direction, 

using the coordinate system shown in Figure 2.2(b). Therefore, from Maxwell's Laws, 

part ofthe formula for grad B drift can be rewritten: 

V|B[__2e (2-22) 
|B| Rl' 

allowing us to express the net effect ofthe two drifts as: 

—̂  —r 
*• -^ m RcX B /̂  2 1 2^ (2-23) 

It is unfortunate that the two drifts add, since no amount of adjusting the magnetic field 

strength and curvature radius will cancel out these effects. 

These two combined drifts force the negative electrons and positive ions away from 

each other. This polarization creates an electric field perpendicular to the static magnetic 

field around which the charged particles gyrate. The electric field will force the guiding 

centers ofthe particles in a direction perpendicular to both the electric field and 
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the magnetic field. The guiding center drift velocity is given by: 

VE = 
E x B 

B^ • 

(2-24) 

The ions and electrons both will be pushed toward the outer wall ofthe torus, and the 

drift velocity vnll depend on the plasma density through the strength ofthe electric field. 

The plasma can never be confined with just a DC magnetic field, and will always 

dissipate against the walls ofthe chamber. Although, as in the cylindrical system, 

complete confinement is not necessary, some sort of partial confinement will be needed 

to keep plasma densities high enough to have reasonable deposition rates in a toroidal 

system. 

Chamber Design Considerations 

A major consideration in the design of an ECR plasma deposition system is the 

chamber size. The plasma formation and deposition chambers should have a diameter at 

least bigger than the electron's Larmor radius at the maximum energy desired or expected. 

The ions will in general have much larger Larmor radii, due to their larger mass. Ions 

with higher energies and larger Larmor radii will dissipate energy against the chamber 

walls. However, as long as electrons are allowed to circulate at high energies, neutral 

particles can be ionized by these electrons near the site of deposition. 

Another reason larger chambers are desired is to reduce the effects of any charge 

sheath at the chamber walls. The particles in a plasma will always move in response to 
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an electric field or potential to block or shield the disturbed area from the buUc ofthe 

plasma (3). This tendency to shield out potentials different from the plasma potential is 

especially noticed when the chamber is made of a conductive material, such as stainless 

steel. Electrons will dissipate in the walls ofthe chamber, causing the plasma to "float" at 

a positive potential. If a potential higher than the plasma's floating potential is in contact 

with the plasma, electrons will be drawn toward it until the potential is shielded. 

Likewise, if a potential lower than the floating potential is near the plasma, ions will race 

toward it to shield, and electrons will be repelled. This non-neutral portion ofthe plasma 

will attenuate the potential exponentially with the characteristic length called the Debye 

length. The Debye length is denoted X^, defined by, 

(2-25) 
^ D = 

EnkT 

n-C 

in SI units, so EQ is the permittivity of free space. A plasma with mean electron energy 

around 10 eV, and a density of 10'° cm^ has a Debye length of 0.01 cm. The size ofthe 

deposition chamber should be much larger in all dimensions to sustain a neutral plasma. 

Any protuberance into the plasma stream will also have a charge sheath formed 

around it, disturbing the flow or symmetry ofthe plasma. An advantage ofthe ECR 

plasma over other formation methods, such as RF breakdown, is that the ECR plasma 

does not require electrodes, which disturb the symmetry ofthe plasma. This also 

prevents contamination ofthe plasma by sputtered electrode material. Any soft material 

in contact with the plasma runs the risk of being sputtered into the plasma, possibly 
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bringing contaminants such as conductive metals into the film. This is bad news for a 

semiconductor film, and has a great effect on film properties and quality. 
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CHAPTER III 

SYSTEM DESCRIPTION 

This chapter describes the toroidal ECR system for thin film deposition. An ECR 

system uses a magnetic field matched to a microwave frequency to achieve electron 

cyclotron resonance ignition and heating ofthe plasma, as described in Chapter II. ECR 

plasmas have the advantage of continuous acceleration ofthe electrons, for a dense 

plasma at low pressures. They also have no electrodes, as an RF plasma does, to 

contaminate or disrupt the plasma. The toroidal design has the added advantages of large 

area deposition, providing a smaller footprint than cylindrical systems, which is an 

advantage for industrial uses. Also, because the flow of ions and electrons incident on 

the film is not perpendicular to the substrate, we hope to minimize damage ofthe film 

due to ion bombardment. 

The four main components of an ECR deposition system are a vacuum chamber, a 

magnetic field, a gas delivery system, and a microwave generator. The magnetic field to 

both meet the ECR condition and to guide the plasma flow is in the racetrack design as 

shown in Figure 3.1. The system uses 2.45 GHz microwaves which corresponds to a 

magnetic field of .0875 Tesla for electron cyclotron resonance. 
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Figure 3.1 The toroidal electron cyclotron resonance deposition system. 
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The Vacuum System 

The main vacuum chamber is a racetrack shaped, stainless steel chamber with four 

round ports. The chamber comes apart in four pieces: two 180 degree turns, and two 

four-way crosses, all o-ring sealed. The 180 degree turns have a mean radius of 7'/2 

inches. The flanges which connect them to the four-way crosses are 11 inches in diameter 

and are joined with eight 1/2 inch bolts. Stainless steel bolts are used wherever possible 

to reduce perturbations in the magnetic field. The diameter ofthe minor radius (tube 

radius) ofthe torus is five inches in both the turns and the crosses. The four-way crosses 

are 14'/2 inches long between the flanges that connect to the turns. Each cross has two 

flanges facing the turns and two flanges opposite each other with round access ports. The 

ports each have three inch diameter openings and seven inch diameter flanges, again 

sealed with o-rings and joined with eight 1/2 inch bolts. This makes a total of only four 

openings available to access the chamber. 

The four-way crosses are arranged so that one set of ports is perpendicular to the 

main plane ofthe torus and the other set is parallel to the main plane, as shown in Figure 

3.1. The port through which the microwaves enter is sealed with o-rings and a recessed 

3/8 inch thick quartz window. The port directly beneath can be fitted with a flange for a 

Langmuir probe, or a spectrometry window. The port facing the center ofthe major 

radius ofthe torus contains the gas feedthrough, a thermocouple vacuum gauge, a Cajon 

fitting for a Langmuir probe, and the electrical and thermocouple feedthroughs for the 

sample holder. The remaining port is attached to a vacuum manifold which branches to 
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two vacuum pumps and another viewport. The total volume ofthe vacuum chamber is 

estimated to be 40 liters. Stainless steel is used throughout the vacuum chamber for its 

non-magnetic properties. 

A Cryotorr-8 cryopump is used for high vacuum clean-out to reduce contaminants in 

the system before deposition. The cold head on the cryopump is attached to a model SC 

air-cooled helium compressor. The cryopump is backed by a Pennwalt single stage rotary 

vane pump, which is also used during the deposition process for high volume pumping. 

The cryopump is separated from the main chamber by an air-controlled gate valve to 

prevent its contamination by deposition source gases. It is separated from the roughing 

pump by a pneumatic valve for bypassing the chamber during bakeout and 

decontamination ofthe cryopump. The rotary vane pump is also connected to the main 

chamber via a pneumatic valve. The vacuum chamber reaches an ultimate pressure of 

10'̂  Torr and during deposition operates at 10 mT or higher. Argon is passed through a 

leak valve before entering the reaction chamber, and the amount allowed through is used 

to control the operating pressure. 

The Magnetic Field 

The magnetic field is produced by fiberglass insulated copper tubing wound around 

the vacuum chamber. A DC current is run through the copper and water is run through 

the tubing for coolant. The copper tubing has an outside diameter of 5/16 inches and has 

a 1/16 inch wall thickness. It is wound around the vacuum chamber with a density of 
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approximately 2 turns per inch. This works well around the turns, but since the openings 

for the ports are a significant fraction ofthe chamber's minor radius, compensating 

windings must be crossed over and aroimd the port area. This creates an extremely 

non-uniform magnetic field right where the microwaves are present. Two Hobart 

welding generators are used in parallel for the DC current source. The generators are 

adjusted in tandem via a remote controlled Variac circuit. To maintain the resonance 

condition of a .0875 Tesla field undemeath the microwave window, 660 Amps must be 

run through the copper tubing. 

The theoretical resistance ofthe approximately 315ft of pure copper tubing is 0.05 

Ohms. The coil draws 40 Volts from the constant current welding generators, setting the 

resistance ofthe coil plus the high-current cable used to deliver the power at 0.06 Q. The 

Ohmic heating from this amount of power through the coil is 26 kW. The coil is 

separated into six sections for cooling purposes. The sections are in series electrically, so 

the different sections ofthe chamber do not have separately controlled magnetic fields. 

Each section has a water throughput rate of 2 liters per minute. The total water 

consumption is therefore 12 liters per minute. The coil reaches an ultimate temperature 

of 55° Celsius if the current is below 660 Amps. The amount of current flowing through 

the coil is monitored by a 6 A/mV shunt resistor placed just before the cormection to the 

coil. The voltage across the resistor is read with a simple hand-held digital multimeter. 
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The Microwave System 

The microwaves are generated by a Panasonic magnetron which delivers a frequency 

of 2.45 GHz and has an output power which exceeds the requirements for this system . 

The output ofthe magnetron is attached to a three way circulator. The microwaves go 

from the magnetron into the circulator, then out to a 3-stub tuner followed by a 

water-cooled dummy load. Any microwaves reflected by the 3-stub tuner go back into 

the circulator, then out to the chamber. Any reflection by the plasma goes back into the 

circulator, and returns to the magnetron. A four stub tuner is placed before the chamber 

to minimize reflection back into the magnetron. The microwave system is set up this way 

because the magnetron's power output was found to fluctuate at very low power. The 

magnetron can now be run at its full kilowatt power range, and the microwave power at 

the chamber is controlled by tuning the dummy load for a little reflection. This set-up has 

successfully kept microwave power stable at powers far below the usual operating power 

ofthe magnetron (5). 

The Gas Delivery System 

For this work, the gas delivery system was minimal. The argon gas was passed 

through an uncalibrated leak valve, and delivered to the chamber through 1/4 in. stainless 

steel tubing. For film deposition tests, the reaction chamber was connected to the gas 

delivery system ofthe cylindrical ECR system. This included two MKS mass flow 

28 

• 



controllers, calibrated for the liquid SiC source and hydrogen. However for most of this 

preliminary study, the argon and leak valve set-up was sufficient. 

Operation ofthe Reactor 

To operate the system from a state where everything was powered down, follow the 

procedure in Appendix A. In essence, the system is fu-st pumped down to 10"' Torr to 

reduce contamination ofthe film. The Cryopump is then isolated from the chamber, 

while the chamber is kept evacuated by the vane pump. The Argon gas bottle is then 

opened, and argon is passed through a leak valve, set between 85 and 100 (arbitrary units, 

the counter is uncalibrated), depending on the desired pressure. The system was tested at 

pressures of 10,20, and 30 mTorr. After the correct pressure is achieved, the magnetic 

coil is activated to meet the ECR condition. The system maintained a stable plasma with 

coil current between 615 and 680 Amps. Lastly, the microwaves are added to accelerate 

the electrons. 

When the microwave power was low (below 55 Watts), a plasma was ignited near 

the center ofthe toroidal section below the microwave port. This plasma was able to 

propagate around the torus, and could be seen through the viewport opposite the gas inlet 

port. At 10 mTorr, the plasma had enough energy to overcome toroidal drift and 

propagate to the opposite side ofthe chamber with coil currents between 615 and 680 

Amps, as stated above. For coil currents slightly below and above these values, the 

plasma was created, but diffused before it reached the gas inlet port. At a coil current 
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above 700 Amps, the coolant system failed to dissipate enough heat, and some insulators 

in the system softened and would eventually short the coil to the chamber if allowed to 

meh. For higher pressures, the plasma propagated completely around the torus for a more 

narrow range of magnetic field currents, all centered around 648 A. Above 30 mTorr, the 

plasma would not propagate completely no matter what the magnetic coil current was. 

At higher microwave power, a plasma of a different nature was created. This plasma 

resembled a microwave breakdown plasma, rather than an ECR excited plasma. The 

plasma did not propagate around the torus at all, but stayed directly beneath the 

microwave inlet window. Looking up through the viewport under the microwave 

window, the brightness pattern ofthe plasma clearly traced the electric field pattern ofthe 

TE,o wave expected from the waveguide. Figure 3.2 shows the breakdown pattern as 

seen from the viewport under the microwave window, as well as the apparent position of 

the breakdown. This form of plasma would not propagate around the torus, but whether 

this was because it lacked the necessary energy, or because it was confined magnetically 

somehow, is unclear. 

The microwave breakdown plasma can be recognized by the microwave reflection 

from the chamber suddenly increasing, which is more evidence for it not being an ECR 

plasma. An ECR plasma is characterized by high power absorption, but as the 

microwave breakdown plasma ignites, the current level of microwave power caimot be 

absorbed, and more ofthe microwaves are reflected from the chamber. The breakdown 

plasma blocks microwave propagation further into the chamber, and the ECR plasma that 
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was beneath it dies. It is possible for a very thin breakdown plasma to exist 

simultaneously with an ECR plasma in the chamber, but how the absorbed microwave 

power is divided between them is unknown. This possibility must be considered when 

analyzing the plasma diagnostics under various conditions in the next chapter. 

microwaves in 

XZ 

Apparent location 
of breakdovm plasma 

Figure 3.2 Brightness pattern of microwave breakdown plasma. View through 
diagnostics port window, as seen from below torus, looking up. 
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CHAPTER IV 

DIAGNOSTICS 

In order to understand more about the plasma produced by the toroidal system and to 

study its suitability for growing films, three types of diagnostics were performed on the 

system to compare with reactors presently in use (the linear system at Texas Tech). The 

magnetic field produced by the toroidal windings was characterized to determine both the 

operating range necessary for resonance and the deviation from an ideal toroidal field, 

especially near the access ports and the ECR region. A single electrostatic (Langmuir) 

probe was used in two places to establish electron temperature and density under various 

operating conditions, and optical emission spectroscopy was used in one place to support 

these results. The optical emission spectroscopy of this system was the theme of another 

body of work, and will only briefly be discussed here. 

The plasma diagnostic techniques were chosen for their physical simplicity and 

universality. The Langmuir probe is an easy device to implement, but the data analysis 

and interpretation becomes involved, especially in the presence of a magnetic field. The 

bulk of Langmuir probe theory also relies on the electron energy distribution function to 

be Maxwellian in form, which may not be true in the case of an ECR plasma. Optical 

emission spectroscopy is non-intrusive and can give information on the ion species in the 

plasma. It, however, offers the disadvantage of being an integrating effect, unable to 

spatially resolve tiie plasma nor distinguish between two ignition areas if such is the case. 
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The Magnetic Field Characterization 

The magnetic field was charted using an F. W. Bell model 4048 Gauss/Tesla meter. 

The main turn in the chamber was probed every half inch along the iimer edge, center and 

outer edge through the major plane ofthe torus , as shown in Figure 4.1. The probe was 

oriented along the minor axis ofthe torus (the tube axis ofthe chamber), and since the 

transverse fields were considered negligible in this case, only the axial probe was used. 

An intensive field profile of one ofthe cross sections was also recorded. Again only the 

axial field was of interest, since it is the field component perpendicular to the incoming 

microwaves, the only component involved in the resonance acceleration of electrons. 

The center ofthe portion ofthe chamber under the microwave entrance port was probed 

at various coil currents to establish the approximate current necessary to meet the 

resonant field. Further adjustment for optimum resonance conditions was done by 

maximizing plasma brightness. 

The probe for this gaussmeter is six inches in total length, and has a maximum 

diameter of one-half inch. It is attached to the meter by a four foot long thin wire cable. 

The probe was held in place by five inch diameter insulator plugs, spaced about seven 

inches apart along the inside ofthe chamber. These insulator plugs were about 3/4 inches 

thick, and stood up inside the chamber, holding up 5/8 inch polyflow tiibing for the probe 

to ride in. The tiibing was fitted in holes in the plugs, and the whole assembly placed 

inside the chamber. The probe was pulled along the inside ofthe Uibing with nylon stiing 

marked in half inch increments. The magnetic field reading was recorded at each half 
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inch. The same method was used for the intensive profile ofthe cross piece, only the 

length of tube was shorter. 

A graph comparing the magnetic fields along the major radius ofthe torus are shown 

in Figure 4.2. The influences of irregularity in the compensating windings around the 

access ports and the gap in windings where the chamber seals can be seen. Some results 

from the intensive profile of a cross section are shown in Figures 4.3 (a) and (b), 

including a cross section ofthe minor radius ofthe chamber showing where the data were 

taken. The magnetic field data are also charted in table form in Appendix B. 

inner track center track 

outer track 

Figure 4.1 Magnetic field probe locations of torus. A plot of tiie results 

is shown on the following page. 
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The Langmuir Probe 

A cylmdrical Langmuir probe, or electrostatic probe, was used to characterize the 

plasma produced by the system. The design of a Langmuir probe is deceptively simple. 

A conductor, usually a wfre, is immersed in the plasma, then biased at various voltages, 

positive and negative, with respect to the voltage potential ofthe plasma. A current is 

drawn to this conductor, which is recorded and plotted vs. the voltage applied to the 

probe. This I-V plot is referred to as the probe characteristic, and is analyzed to 

determine various plasma parameters, mainly electron temperature and electron or ion 

density. 

A typical probe characteristic plot is shown m Figure 4.4. It can be divided into 

three regions, labeled A, B, and C as shown. In region A, the probe's potential is much 

more positive than the potential ofthe surrounding plasma. Electrons in the plasma are 

attracted and ions repelled, so the current flowing to the probe is due to the electrons. 

Traditionally in the probe characteristic, electron current is plotted along the positive axis, 

opposite from the common positive current convention, where electron current is 

considered negative. The region of pure electron current, therefore, is in the upper right 

comer ofthe plot. Instead of continuing to collect a higher flux of electrons as applied 

voltage increases, the probe reaches a point where electron current fails to increase. This 

is called electron saturation and is a function ofthe electron temperature and density. The 

relationship will be shown later in this chapter and will depend also on probe shape. 
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Figure 4.4 Typical Probe Characteristic. Electron current is plotted on the 
positive axis and V̂  is the potential ofthe plasma. 

When the potential ofthe probe is still positive with respect to ground, but less than 

the plasma's space potential, electron current drops off. Electrons are not attracted as 

strongly, and only the more energetic electrons reach through the sheath surrounding the 

probe. This is represented by region B in Figure 4.4. Ion current is present here, but 

because ofthe mass difference and the usually cooler temperature ofthe ions, it is 

negligible compared to the electron current. The electron energy distribution of most 

plasmas is Maxwellian, so the electi-on current should have an exponential dependence on 

applied probe voltage. The most common way of determining electiron temperature uses 

this region ofthe characteristic. 
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Finally, the potential applied to the probe becomes so negative with respect to the 

plasma potential, ion current dominates electron current, and eventually electron current 

disappears altogether. This is known as the ion saturation region. Where the probe 

characteristic reaches the 1=0 line, ion current exactly equals electron current and no 

current is drawn by the probe. The voltage at which this happens is called the floating 

potential, and is the voltage which will be reached by any unbiased conducting body 

placed within the plasma. The floating potential is labeled Vf on Figure 4.4. The ion 

saturation current is usually much smaller than the electron saturation current in a given 

plasma, as shown. Similar to the electron saturation current, the ion saturation current 

depends on ion density, temperature, and the shape ofthe probe. 

For any probe immersed in a real plasma, a sheath will form around the probe, in 

which the electric field disturbs the characteristics ofthe bulk plasma. Beyond this 

sheath, the electric field is shielded, and the plasma continues undisturbed. The size of 

this sheath is on the order ofthe Debye shielding length, discussed earlier, so it is small 

compared to the size ofthe bulk plasma. If the size ofthe sheath is small compared to the 

size ofthe probe in a coUisionless (low pressure) plasma, so that all particles entering the 

sheath are absorbed by the probe, the probe current is: I = JAs, where j ^ is the current 

density in one direction, and Aj is the area ofthe probe and sheath. In the case ofthe 

electiron saturation region ofthe probe, if the electron velocity distribution is Maxwellian 

at the sheath edge, the current density is just (8), 

. 1 _ 1 ('2kTeV (4-1) 
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where n is the plasma density, kT, the electi-on temperatiire, and nie tiie mass of an 

election. Half tiie 1/4 factor comes from tiie density at tiie sheatii edge being one-half tiie 

bulk density, and tiie otiier half comes from tiie average of tiie direction cosine over a 

hemisphere from which elections can randomly originate. It is important to note that the 

election current in this case does not depend on probe voltage, hence it is referred to as 

election saturation current. For most laboratory plasmas, the size ofthe space charge 

sheath is not known, but can be predicted from the voltage applied and tiie shape ofthe 

probe. For the case of a cylindrical probe, the electron current is given in many 

references (8, 9,10) to depend on probe voltage, but the exact relationship will not be 

derived here because it vnll be shown not to hold for probes in the presence of a stiong 

magnetic field. 

For less dense or hotter plasmas, the sheath will be large compared to the probe. In 

that case, it is possible for particles to leave the sheath without encountering the probe. 

An election in the sheath can orbit around the positively charged probe, much like in an 

attractive cential force field, and depending on its velocity, may not always be absorbed 

by the probe. For a cylindrical probe, the current is proportional to the square root ofthe 

voltage above the space potential (8). Therefore, if Î  is plotted against applied voltage in 

the election saturation region, it should form a stiaight line. From this line the space 

potential V̂  can be found if e/kT, is known, or the election temperature can be found if 

the space potential is known. The slope of this line can also be used to determine the 

plasma density. This is preferable to the coUisionless case, because it can calculate the 
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electron temperatiire and plasma density separately, whereas in most cases one of tiiese 

values must be known to calculate the other. 

A more common metiiod of finding election temperatiire uses region B on tiie probe 

characteristic, tiie transition region. If tiie election velocity distribution is Maxwellian, 

tiie election density around tiie probe will be affected only by tiie probe voltage. The 

effect on density will be exponential in eV/kT„ so tiie random current hitting tiie probe is, 

T A r kTe ^ ^ -sv 
I = AsnoiT——\ ekTc 

v27ime/ (4-2) 

where Â  is the area ofthe sheatii around the probe, and no is the plasma density (8). 

Therefore if in tiie tiansition region ln(I) is plotted against probe voltage, a stiaight line 

results. The slope of tins line is e/kT„ so tiie reciprocal of tiie slope is just tiie election 

temperatiire, in eV. For applied voltages above tiie floating voltage, Vf, the ion current 

contiibution to the total curve should be negligible. If it is not negligible, it will at least 

be close to constant and can be subtiacted out. If this is the case, the tiansition region of 

tiie probe characteristic should be fit to 

I = A,eA^v_A^^ (4-3) 

where I/A2 is the election temperature in eV, and A3 is the ion current. Aj is really kT^e 

in MKS units, but converting Joules to eV requires a multiplication by 6.02x10"", so the 

value of Aj is convenientiy already in eV. 

If the election energy distribution is not Maxwellian, the transition region can be 

used to determine the actual energy distribution. Following the analysis of Swift and 
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Schwar (10), when the energy distribution is isotiopic and the elections can reach the 

probe from any direction, the current to the probe vdll only depend on election energy: 

Jfp(imev2)v3dv, (4-4) I = Ape7i J . 
0 ^ 

where fp is the distribution function at the probe surface. In the above expression, Ap is 

the collecting area ofthe probe, e the electionic charge, m, is the mass ofthe election and 

V is its velocity at the probe. Remember that the probe in this region is repelling the 

elections slightly. If the potential difference between the probe and the plasma drops 

over a distance less than the mean free path, the total energy E must be conserved and is 

equal to: 

E = i m e v 2 - e V ^^-5) 

where in this case, v decreases as the election nears the probe due to the retarding 

potential on the probe. The energy distribution function ofthe bulk ofthe plasma is the 

distribution function one mean free path away if the size ofthe probe is small compared 

to the mean free path length. Thus the election energy distribution function f(E) is equal 

to fp(nieV /̂2), and the current to the probe is, 
00 

I = A p ^ f f(E)(E + eVp)dE. (4-6) 

Here further substitutions have been made from Equation (4-5). 

Differentiating twice with respect to Vp gives us: 

| | = A „ 2 e . ( ^ ) ^ « E ) ] _ , , (4-7) 
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but f(E) is still a velocity distribution fimction. The election energy distiibution fimction 

is simply (10), 

f(e)=-4_flE£Xpy^ (4-8) 
ApcH 2e ; dV2 

Using tills equation, the form ofthe distiibution fimction can be calculated from tiie 

second derivative ofthe tiansition region curve. From the distribution function, an 

average energy can be determined through: 

]8F(8)ds 
<s> = ^ . (4-9) 

jF(8)de 
0 

This can be compared to the election temperature of a plasma with a Maxwellian 

distribution. 

For modeling region C ofthe probe characteristic, the ion saturation region, a theory 

different from the election current region is needed. Because of their larger mass, ions 

are usually the colder species in a plasma, and therefore must have a drift velocity upon 

entering the sheath in order reach the probe. This necessarily involves ion orbits aroimd 

the probe, and no simple theory exists. Many numerical models exist, among those the 

work of Chen (11), which calculates various normalized plasma parameters for spherical 

and cylindrical probes from election temperature, probe voltage and current, and plasma 

density. The results will be presented here without derivation and, with a reasonable 

value for election temperature, used to calculate an approximate plasma density. We start 

with the equation relating normalized probe current to voltage at a normalized distance 
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from the probe. 

\M-{:u^--' 7tJ 

.m+rir. 
- p-n (4-10) 

The normalized quantities are: 

§ ~ r/h (normalized radius) 

Ti = -eV/kTe (normalized potential) 

P = Ej/ZkTe (normalized ion energy) (4-11) 

J = Ii(e /̂kTJ(m,/27moZ)"^ (normalized ion current) 

h = (kT^47rnoe-)''' (Debye lengtii). 

Chen (11) has plotted various ri(^) for different J and p. The dependence on p was shown 

to be very little. A cross-plot was then made of Ĵ p vs. r|p, shown in Figure 4.5. The 

value Ĵ p was chosen because it has no dependence on plasma density. The subscript 'p' 

signifies the value to be taken at tiie probe edge. To find tiie plasma density from this 

plot, the value of Ĵ p is calculated from the known probe current and electron 

temperature. The value of rjp is also calculated, from tiie probe voltage. These two 

values are placed on the graph and the value of p̂ is determined, from which the plasma 

density can be calculated. As long as P is small, its influence can be neglected, so only 

one value of p is shown. This theory also depends on the elections having a Maxwellian 

velocity distribution. 

The addition of a magnetic field brings an added anisotiopy into the theory of 

Langmuir probes. The normally random current to the probe changes by the reduced 
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diffusion constant in the directions 

perpendicular to tiie magnetic field. A field 

of .0875 Tesla, as used in ECR systems, 

falls into the "moderate" field stiength 

category. The field is stiong enough that the 

Larmor radius of an election is small 

compared to the dimensions ofthe probe, 

but TL for the ions is still very large. In this 

situation, the analysis ofthe ion saturation 

region ofthe probe characteristic is 
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Figure 4.5 Plot for determining ion density 
from plasma parameters. From Chen, ref 11 

unchanged. The analysis of the election saturation region will definitely need to include 

orbital motion, and also will no longer be a one-dimensional problem. 

Classically, the diffusion coefficient perpendicular to the magnetic field will be 

reduced by collisions with neutial particles (8): 

Dx = D/(l+Q)V), (4-12) 

where co is the cyclotron frequency and T the time between collisions. This will result in 

a large reduction ofthe election saturation current. At large magnetic fields, however, 

anomalous diffusion almost always occurs (8), raising the current above the classical 

level. Probe data is then used to determine this diffusion coefficient, with known election 

temperature and plasma density, rather than calculating the diffusion and then 

determining the temperature or density. 
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Because difftision is involved, the probe theory is similar to that in a collision 

dominated plasma. In a plasma with collisions, a small area around the probe can be 

considered coUisionless, while outside this area the plasma is still collision dominated. 

This area is delineated by the length ofthe mean free path, or how far, on average, an 

electron can come from and not have collided with anything. For a probe in a magnetic 

field, the mean free path is still the limit in the direction ofthe magnetic field, but the 

Larmor radius is the limit within which an electron has not collided in directions 

transverse to the magnetic field. The Larmor radius is generally much smaller than the 

mean free path. This anisotiopy can be reduced back to a one dimensional analysis by 

contiacting lengths in the B field direction by JWjD . A good approximation ofthe 

electron current is then (8), 

1 = 
novAp4X P i 

4 3rpV D ' 
(4-13) 

where no is the plasma density, v the mean velocity (from the election temperature), Ap 

the area ofthe probe, X the mean free patii, and rp the probe radius. This approximation 

ofthe election current does not depend on probe voltage, and is not specific for 

cylindrical probes. A reduced electron saturation current is predicted here, and if the 

effect ofthe magnetic field is not taken into account, can result in a calculated election 

density which seems much lower than tiie election density actiially is. Calculating tiiis 

diffusion coefficient, D^/D, can help quantify tiie effect of tiie magnetic field. 

The tiansition region analysis should not be as sensitive to tiie addition of a magnetic 

field, because tiie field cannot change tiie velocity distribution of tiie elections. The 
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anisotiopy, tiiough, if stiong enough, may compUcate the concept of a collective electron 

temperature. Especially with an ECR generated plasma, where tiie acceleration is in tiie 

directions tiansverse to the magnetic field only, tiiere can be separate temperatures in the 

different directions. Since the concept of temperature really comes from the average 

velocity ofthe elections, it is unclear what can be meant by temperature in a 

non-Maxwellian velocity distribution. If tiie tiansition region is forced to fit an 

exponential distribution, is also unclear whether more than one temperature will be 

detected, or one temperature will dominate, or some sort of convolution will take place. 

The second derivative method of obtaining the velocity distribution may illuminate this 

situation. 

The Langmuir probe used was designed and created by Philip Zheng for earlier 

studies of conventional ECR plasmas (12). The probe was originally used for both single 

and double floating probe measurements, but was only used in its single probe capacity 

for this study. The collector consisted of 0.5 mm diameter tungsten wire which extended 

2.5 mm beyond a double bore alumina tube, the type used for thermocouple protection. 

The entire probe was shielded by a 1/2 in. O.D. tube of stainless steel to protect the probe 

from noise of stiay fields, and to provide a good vacuum sealing surface. Unfortunately, 

as v^th any large conducting body placed in the plasma stieam, this shield had a tendency 

to disrupt the plasma flow around the probe. The plasma parameters deduced from the 

probe data will then be those ofthe disturbed plasma, but should not be very different 

from those ofthe undistiirbed plasma. The junctiires between the tungsten and alumina 
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and alumina and stainless steel were sealed against vacuum leaks v^th epoxy. The flange 

for the diagnostics port, below the microwave injection window, had a half-inch Cajon 

fitting to seal against the probe. 

Two coaxial cables tiansferred voltage to the collectors and carried current back to 

the recording device. Since only one ofthe collectors was to be used at this time, the 

second collector was allowed to float with the plasma. A second device was constructed 

to probe at the gas inlet port, farther from the ECR region and closer to the position ofthe 

actual film deposition sites. The second probe was based on the same design, but the gas 

port already had a 5/8 inch Cajon fitting, so the stainless steel shield was 5/8 in. in 

diameter. This had a greater disturbing effect on tiie plasma flow. The collectors were 

also 0.5 mm tungsten wire, and the same contiol and readout devices were used as with 

the original probe. 

The first probe was positioned vertically undemeath tiie microwave window, 

perpendicular to botii the magnetic field lines and the electiic field of tiie microwaves. 

The probe was placed so tiie tip was in tiie center of tiie inner radius of tiie torus, exactiy 

centered between tiie two ports. The placement of tiie second probe was more difficult. 

Witiiout the probe, tiie plasma flowed down tiie torus tiibe slightiy above tiie center. 

When tiie probe was in place, with its bulky shield, tiie plasma flow was diverted to tiie 

extieme top of tiie torus. The probe tiierefore was designed witii a 90 degree bend so that 

altiiough tiie Cajon fittmg was in tiie center of tiie port, tiie probe could be rotated so tiie 
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tip reached near the top ofthe chamber. This also placed the second probe in the same 

orientation as the original probe. 

Implementation ofthe Langmuir probe was relatively simple. The potential applied 

to the probe was ramped from -90 to 90 Volts via a ten-turn potentiometer and the control 

circuit used in previous studies (1, 12). The voltage applied to the probe was read out 

along the x-axis of an x-y recorder, while the current drawn by the probe was passed 

through a resistor, then the voltage across this resistor was passed through an amplifier 

and into the y-input ofthe recorder. The resulting record was typical of Langmuir probe 

characteristics; a representative is shown in Figure 4.6(a). 

Analysis ofthe Langmuir probe data, however, was considerably more involved. 

The obvious first step was to determine the election temperature. The tiansition region of 

the probe characteristic seemed reasonably exponential, so the natural log ofthe probe 

current in that region was plotted against the probe voltage. The resulting plot, shown in 

Figure 4.6(b), was not sufficientiy linear for a transparent choice of slope, for use in 

determining election temperature. (Recall that the slope of hi(I) vs. V for a plasma witii a 

Maxwellian temperature distribution is the inverse ofthe election temperature.) I 

tiierefore decided the ion current may be interfering in this analysis, especially as tiie 

reduced diffusion ofthe elections in a magnetic field reduce tiie election current witii 

respect to the ion current. The probe data was tiien fit to a three parameter exponential 

line to subtiact out tiie ion current, I = A,exp(V/A2) + A3, still assuming a Maxwellian 

energy distiibution. This analysis, however, was extiemely sensitive to where tiie 
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(a) shows a typical probe characteristic. The plasma conditions were: pressure - 10 mT, 
liwave power = 50 W, coil current = 648 A. 

(b) shows the semilog plot ofthe transition region 

Figure 4.6 Langmuir probe characteristic and semUog plot ofthe tiansition 

region. 
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endpoints of tiie tiansition region were considered, which is not immediately obvious 

from the probe characteristic. 

The method of fmdmg the election energy distribution function from the second 

derivative ofthe probe characteristic offered a way to verify the election temperature 

v^tiiout assuming a Maxwellian distiibution (13,14). Also, tiie first derivative of tiie 

probe characteristic provided a way to choose the endpoints of tiie tiansition region tiiat 

seemed less arbitiary. To find the energy distribution and tiie election temperature from 

tiie second derivative, the probe characteristic data were taken from the recorder plot with 

dial calipers every .05 inch or every mm, dependmg on the scale ofthe recorder paper 

used. These data were smoothed with a three point weighted averaging process to take 

out any noise intioduced with tiie digitizmg process. The first derivative of these data 

were then taken numerically, using a four-point centered derivative. These data were 

then plotted to determine the endpoints ofthe tiansition region. The first derivative data 

were then smoothed with a five-point weighted average, because the second derivative is 

so sensitive to random noise. The derivative of these smoothed data was taken, using the 

same four point centered derivative. This resulting data were cropped to include only 

positive values in the tiansition region, and the distribution function was determined 

using Equation (4-8). The temperature was then found through numerical integration 

(tiapezoidal method) using Equation (4-9). 
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CHAPTER V 

RESULTS AND DISCUSSION 

Although the toroidal ECR system reliably produced and maintained an argon 

plasma, attempts to deposit silicon carbide films revealed shortcomings in the system. 

Only a few samples showed any evidence of deposition, and in these, infixed absorption 

analysis showed an excess of hydrogen. The most obvious problem involved the 

efficiency ofthe single stage vane pump in evacuating the chamber. The best films in the 

cylindrical geometry system at Texas Tech were grown with a total gas flow rate of 30 

seem (standard cubic centimeters per minute), and an operating pressure of 10 mTorr (5). 

Even with a reduced total gas flow of 2 seem, (1 seem hydrogen, 1 seem silicon-carbon 

liquid source), the rotary vane pump used in the torus could not keep the pressure in the 

chamber below 30 mTorr. Though excessive operatmg pressure is an impediment to 

quality film growth, it is easily corrected. A high volume roots blower, as used in the 

cylindrical system at Texas Tech, would sufficientiy reduce the pressure, especially in 

such a small chamber. 

The largest obstacle to creating a plasma for thin film growth is the low ceiling on 

microwave power. When the microwave power is increased above 55 Watts, a 

microwave breakdown plasma is ignited in the microwave port, effectively blocking 

power to the ECR plasma. This breakdown at high microwave power does not occur in 

tiie cylindrical ECR system. One of tiie major differences in tiie microwave delivery to 
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tiie two deposition chambers is the shape of window between the waveguide and vacuum 

chamber. The toroidal system used a round quartz window, but the flange in which it was 

recessed had a rectangular openmg the size ofthe preceding waveguide. This rectangular 

opening after the quartz wmdow may have caused some electric field enhancement near 

tiie window, increasing the chance of microwave breakdown. The cylindrical deposition 

system has a round opening for the microwaves, and the flange on the toroidal system has 

since been milled out to a round opening to match the cylindrical case. This new 

microwave window configuration has not been tested; but even if it has no effect on the 

microwave breakdown, it will serve to make the two systems as equivalent as possible, 

for comparison purposes. 

Another major difference between the microwave delivery systems is the size ofthe 

port on the toroidal chamber. In the cylindrical system, the microwaves go through a 

round quartz window, then are allowed to expand freely into a chamber with a diameter 

much larger than the waveguide. The microwaves for the toroidal system, after passing 

through the quartz window, travel down a tube for three inches before reaching the 

chamber. This tube has a three-inch inside diameter, actually smaller than the diagonal 

length ofthe waveguide. This further hinders the free expansion ofthe microwaves into 

the vacuum chamber. The solution for this that would also make the toroidal system 

more like the cylindrical system is a zero-length port. The microwaves would continue in 

their wave guide up to the quartz window, which would be placed right at the chamber 

wall. The microwaves could then freely expand into the chamber, with a minimum of 
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reflection back to the magnetion. Figure 5.1 illustrates the differences in microwave 

delivery in the two deposition systems. 

There is evidence to suggest that moving tiie ECR region away from directly beneath 

the microwave window may also prevent the microwave breakdown plasma. If the 

deposition procedure is started, but tiie magnetic field is left at 0 Tesla, the microwave 

breakdown at 55 Watts does not occur. However, when the process is started by applying 

the magnetic field, and the microwave power is raised above 55 Watts so the breakdown 

plasma ignites, if the magnetic field is then reduced to zero, the breakdovm plasma 

remains. This suggests the proximity ofthe ECR plasma facilitates the ignition of tiie 

microwave breakdown, but is not necessary for maintaining it. Reconfiguring the 

magnetic field profile by rewrapping the coil more evenly near the microwave window 

would allow the ECR region to be repositioned anywhere along the stiaight section ofthe 

racetiack. Unfortunately, directly undemeath the microwave window is the best place for 

the ECR region in terms of high microwave flux for high power absorption. 

This microwave breakdown plasma creates a problem because it is not as energetic 

as the ECR plasma, and does not have enough energy to reach the opposite side ofthe 

racetiack before dissipating against the chamber walls. This effect is certainly not 

insurmountable, however, because the cylindrical system was tested with microwaves 

injected from the side, in the same orientation as the toroidal microwaves, and no unusual 

breakdown occurred. 

55 



(a) Microwave delivery ofthe cylindrical ECR system. Upon leaving the waveguide, the 
microwaves can expand freely down the axis ofthe cylindrical chamber. Also notice the ECR 
layer is far from the microwave inlet window. 

(b) Microwave delivery in the toroidal ECR system. Upon leaving the waveguide, the 
microwaves travel down a round tube the same size as the waveguide. This causes much 
reflection, and may be the cause ofthe microwave breakdown plasma. 

(c) Proposed new microwave delivery for the toroidal system. A zero length flange will allow 
Ae microwaves to travel in their waveguide right up the chamber, then expand more freely mto 
the ECR region. 

Figure 5.1 A comparison of microwave delivery in tiie ECR cylindrical and 

toroidal systems. 
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If changing the shape ofthe microwave inlet port to a round, zero-length port does 

not solve the microwave breakdown problem, the best method would be to gain insight of 

the cause of breakdown through modeling the magnetic field, microwave, and plasma 

interactions. For this to have effective application to the working system though, the coil 

should be rewrapped to a more ideal racetrack or toroidal shape. 

Langmuir Probe Analysis 

Langmuir probe characteristic plots were taken with an argon plasma, during a 

variety of different plasma conditions. The pressure, microwave power, and coil current 

were varied through the range within which a stable plasma existed. The chamber 

pressure was set at 10, 20 and 30 mTorr. The microwave power had values of 45, 50, and 

55 Watts. The coil current was kept at 618, 648, or 678 Amps. The most stable plasma 

was maintained at 10 mTorr, 50 Watts of microwave power, and 648 Amps through the 

coil. The plasma was ignited, the conditions were set, the two Langmuir plots were taken 

successively. Comparing the calculated plasma parameters from these two plots will 

determine the error involved in the analysis process. The system was then completely 

shut down, then restarted and one more plot was taken at each condition set. Comparing 

the calculated parameters from this plot with tiiose ofthe previous set will insure the 

reproducibility ofthe plasma under given conditions. 
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Election temperature 

I fu-st attempted to determine the election temperature ofthe plasma using a stiaight 

line fit to a semilog plot ofthe tiansition region. Figure 5.2 shows part ofthe probe 

characteristic and a semilog plot for the plasma conditions ofthe most stable plasma, with 

the probe directly undemeath the microwave port. The election temperature is 

determined from the slope ofthe semilog plot. This was the technique used in the past on 

the cylindrical system at Texas Tech (1). The semilog plot in Figure 5.2(b) is decidedly 

nonlinear, and it was not clear what should be considered the slope of such a line. Also, 

it was not clear where the tiansition region ends and the election saturation region begins. 

For a nonlinear semilog plot, a tangent to the curve near the election saturation region is 

drawn because the ion current is assumed to be canceling some ofthe election current 

near the ion saturation region. The temperature is the inverse ofthe slope of this line (7). 

In this case, uncertainty about the endpoints ofthe tiansition region has a large effect on 

the calculated temperature, and since such a small portion ofthe transition region is used, 

any noise in that area would greatly magnify the error. Since the most dramatic change in 

slope occurs near the endpoints ofthe line, an average ofthe slope would also be highly 

affected by what are considered the endpoints ofthe tiansition region. Figure 5.2(c) 

through (f) show the ttansition regions and semilog plots for the two other probe 

characteristics taken at tiie most stable conditions. Figure 5.2(c) was taken immediately 

after (a), and (e) was taken after a complete shut down. 
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Figure 5.2 Transition region and semilog plots. 5.2(b) shows some of the 
problems with the straight line method of determining election temperature. 
The plasma conditions were: pressure = 10 mT, microwave power = 50 W, coil 
current = 648 A. 
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Figure 5.2 continued. This probe characteristic was taken immediately 
following the one in part (a). 
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5.2(f) 

'he plasma conditions for this plot wer e the same as in 
part (a), but the system was shut down completely, then restarted before taking 
this probe characteristic. 
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Since ion current may be decreasing the (negative) current to the probe near tiie left 

portion ofthe tiansition region, the probe characteristic was fit to a curve which 

subtiacted out any ion current. This method also allowed the use ofthe entire transition 

region to reduce tiie effects of noisy data. This technique used tiie SAS statistical 

package to fit points taken off tiie plot to tiie curve: I = A, + AjCxpCV/Aj). 

Unfortunately, this metiiod was also extremely sensitive to what were considered the 

endpoints ofthe tiansition region, or how much ofthe curve to include in tiie fitting 

process. 

The usual method (12) for determining where the ion saturation region ends and the 

transition region begins is to draw a line tangent to the ion saturation line, and the 

transition region is said to begin when the probe characteristic deviates from this line. 

However, the tiansition region current is such a slowly varying function of probe voltage 

there, that the extent ofthe tiansition region is not easy to determine accurately. Points A 

and B marked on Figure 5.2(a) are two possible choices for the start ofthe transition 

region. These will give different temperature results when fit to an exponential. In fact, 

many different sections ofthe transition region were put through the fitting process, and 

tiie calculated temperature varied from 6.8 eV to 13.9 eV. None ofthe curve sections 

stood out as being a less arbitrary choice than any other section. 

The second derivative method was chosen as a way to verify the election 

temperature ofthe plasma by integrating over tiie election energy distribution function 

(13). The first derivative of tiie I-V curve is shown in Figure 5.3 for each plot. This 
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Figure 5.3 First derivative of tiansition region. The dashed line is tiie 1st 
derivative of tiie 3-parameter exponential fit. A plasma witii a Maxwellian 
energy distiibution would have the exponential shape. 
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Figure 5.3 continued. The 1st derivatives all have tiie same general featiires, tiie 
three plateaus cause problems when interpreting the second derivative. 
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curve suggests a way to determine the endpoints ofthe transition region which seeins less 

arbitiary than tiiose used previously. The peak in tiie first derivative at V, is the right 

endpoint, and where the fu-st derivative goes to zero is the left endpoint. From this 

information, I went back and fit this portion ofthe curve to a three parameter exponential. 

This will be used to compare to the temperature calculated from the integral over the 

distiibution fimction, to help determine the error involved in this process. It will also 

show where the plasma deviates from having an ideal Maxwellian energy distribution. 

The dashed line in Figure 5.3 is the first derivative ofthe exponential curve calculated 

from the three parameter fit ofthe tiansition region. The deviation from exponential is 

clear in all three plots. All three plots have the same characteristic three "plateaus," 

which cause problems with tiie mterpretation ofthe second derivative, an example of 

which is shown in Figure 5.4. The second derivative becomes negative at those plateam^ 

but the distribution function cannot be negative. The second derivative data were 

cropped at the ends of the tiansition region, and any dips below zero were set to 2Sr&, 

The distribution function was calculated from these data, and then mtegicaSed over tlse 

energy to find the mean energy or "temperature". As can be seen from thie :n(M of titse 

distribution function in Figure 5.5, tiie accuracy of this method would oe mmk mpum-'&i 

if the data from the original characteristic plots could be more accurateh •J.sxs:mm£d. 

This method is also extremely sensitive to noise through the second derivifive.. 

Table 5.1 compares the electron temperature found through differeM rMesfeensfe;: 

semilog stiaight line fit, three parameter exponential fit, normalized imep^m^ m& 
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Figure 5.4 Second derivative of plot 1. The dashed line is the 2nd derivative of 
tiie 3-parameter exponential fit, belonging to a plasma witii a Maxwellian 
energy distribution function. 
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Figure 5.5 Election energy distiibution functions. The dashed line is a 
Maxwellian energy distribution. An average of many probe characteristics may 
take out the noise and reveal a more regular energy distiibution. 
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Figure 5.5 continued, (b) and (c) 
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Table 5.1 A comparison of calculated temperatures. 

Probe Characteristic 

plot 1 

plot 2 

plot 3 

Semilog, stiaight 
line fit 

5.38 eV 

6.14 eV 

5.17 eV 

3-parameter 
exponential fit 

8.11-9.02 eV 

7.49 - 7.32 eV 

7.50 eV 

integral over energy 
distribution 

10.8 eV 

9.05 eV 

8.87 eV 

distribution function. The temperatures obtained by the semilog straight line fit method 

are consistently lower, because the entire curve was fit to a stiaight line, including the 

region in which the ion current detiacts from the election current. All the temperatures 

are on the gross order of 5 -10 eV, which is reasonable for an ECR deposition plasma 

(17). Comparing plots 1 and 2, taken from the exact same plasma, there is a variance in 

calculated temperature. This suggests the error involved in the calculation methods is too 

high to obtain more than an order of magnitude certainty. The best method to analyze 

tiiese plots would be to find the endpoints ofthe transition region via the first derivative, 

then using those endpoints, either make a semilog plot ofthe election current, or fit h to a 

3-parameter exponential. Figure 5.6(a) shows a 3-parameter exponential fit to the 

tiansition region of plot 1. The calculated temperatiire was 8.11 eV. Figure 5.6(b) shows 

a semilog plot ofthe transition region of plot 1 using the corrected endpoints to the 

tiansition region. The semilog plot is still not a stiaight line, so more weight should be 

given to tiie higher voltage end of tiie curve, because tiie current will not be depleted by 

ion current tiiere. I prefer tiie semilog plot metiiod, because a range of slopes (hence 

temperatiires) can be obtained, giving one a good idea of tiie accuracy of tiie metiiod. 
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Figure 5.6 Transition region of plot 1. The solid line is the result of a 
three-parameter exponential fit. 
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Figure 5.6 continued. Semilog plot oftiie tiansition region. The slope of a 
straight line tangent to the rightinost portion ofthe graph is the inverse ofthe 
electron temperature. 
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From tiie plot in Figure 5.6(b), tiie temperatiire is somewhere between 5 and 7 eV, 

depending on how much oftiie curve is fit to tiie stiaight line. 

In fiitiire stiidies, a digital metiiod would be preferable, witii many plots taken and 

averaged to reduce noise. This would also decrease tiie separation between data points, 

increasing tiie accuracy oftiie integral over tiie distiibution fimction, and perhaps 

resolving some oftiie non-Maxwellian featiu-es oftiie distribution function. 

The accuracy oftiie calculated temperatiire using any ofthe methods is not good 

enough to discern any tiend in temperattire witii changing plasma conditions from single 

plots at each set of conditions. To have any confidence in statements about plasma 

parameters calculated from Langmuir probe data, many more plots should be taken and 

averaged to reduce the effects of tiansient fluctuations in local plasma parameters. 

Though more characteristic plots were taken at different conditions for tiiis research, a 

plot ofthe mean temperature versus the plasma conditions would be misleading, as the 

deviation from the mean in each case would be much larger than the variation of 

temperature with changing plasma condition. 

Ion Density 

Knowing an electron temperature of 10 eV can give us the order of magnitude ofthe 

plasma density from the ion saturation current as described in Chapter IV. Recall that the 

ions will not require any special treatment due to the magnetic field, as their Larmor 

radius is still quite large. The normalized value of rip was calculated from Equation 
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(4.11), V = 63 Volts, and kT^ = 8 eV: tip = 7.9. The value Ĵ p was calculated from 

Equation (4.11), witii I; = 2.4 ^A, Ĵ p= 1.6 x 10"'. The plot in Figure 4.4 was not 

modeled for such a low-density plasma, so at best we can only put an upper bound on the 

density at this time. The density calculated with values of 4p from the figures in Chapter 

IV had an upper bound of Uo « 10'°. This plasma density is unusually low, but it is 

supported by the visual evidence of a weak plasma. 

Such low plasma density supports the assumption that this plasma is coUisionless. A 

non-Maxwellian energy distribution that might be given to the plasma by the ECR 

acceleration process will not broaden statistically from collisions, and the plasma may not 

be well-behaved even far from the ECR region. Diagnostic techniques, such as the 

Langmuir probe, which rely on a Maxwellian distribution model, or a 

collision-dominated plasma are then to be taken with a degree of uncertainty. 

The normalized diffusion coefficient for elections in a magnetic field can now be 

calculated from Equation (4-13) with election saturation current 13 [iA, and plasma 

density 10'° c m l This gives a perpendicular diffusion coefficient of D^/D = 2.5 x 10"̂ ^ 

Compare tiiis to the classical diffrision coefficient given by Equation (4-12), DJD = 

2.4x 10"̂  The diffusion is this case is much less tiian the classical value, giving a much 

lower saturation current. This is the only area where the Langmuir probe data were 

expected to be affected by the presence of a stiong magnetic field. However, the 

extiemely low ion density calculated may actiially be an effect oftiie magnetic field on 

the ion saturation current. 
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The low microwave power may also have been tiie cause oftiie low density. A 

comparison witii tiie cylmdrical system is helpfiil here, since higher microwave powers 

were reached in tiiat system, but tiie Langmuir probe was still placed under a stt-ong 

magnetic field (see Figure 2.2(a)). The ion satiiration current from tiie Langmuir probe 

diagnosis oftiie cylmdrical system was measured in mAmps. The ion saturation current 

from the TECR system was measured m jLiAmps. The calculated ion density will be 

proportional to tiie first order ofthe ion saturation current. This suggests tiie ion density 

in the toroidal system may have been 3 orders of magnitude less than that in the 

cylindrical system. Otiier groups which had Langmmr probe currents that measured in 

^Amps (15, 16) report densities near 10' and 10'° cm•^ but none of these were in the 

presence of a large magnetic field. Otiier groups witii ECR plasmas (17,2) report similar 

densities using probe techniques, but no correction is made for high magnetic fields in the 

vicinity. 

The results ofthe optical emission spectioscopy ofthe plasma were also 

inconclusive. The only clear spectial lines were from first ionization states with high 

tiansition probabilities. First ionization states with lower tiansition probabilities may 

have been present, but the signal to noise ratio did not permit these to be seen. Also, the 

spectia were too coarse for higher ionization states to be resolved. Many of these states 

are too close to first ionization states with higher tiansition probabilities to confidently 

identify them. However, the low election temperature and density suggest these states 

may have been rare, as the ionization energy of Ar II is 35 eV. 
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The fihn quality also supports tiie low ion density calculation. For a tiiree-hour 

deposition at 10 mTorr, 55 Watts microwave power, and 1 seem liquid source, 1 seem 

hydrogen, tiie tiiickness oftiie film was less tiian 500 Angstioms, which is at least ten 

times tiiinner tiian fihns prepared under similar conditions (11.2 mTorr, 25 Watts, 2 

liquid source, 28 seem hydrogen) in tiie cylindrical system (5). The infrared absorpti 

spectirai oftiie films prepared in tiie TECR system showed an excess of 

carbon-hydrogen and silicon-hydrogen bonds. The silicon-carbon bonds were 

undetectable. This suggests tiie low density plasma was not able to dissociate tiie liquid 

source efficiently. The liquid source was probably dissociated into carbon-hydrogen 

species or silicon-hydrogen species, such as CH or SiH. These species were tiien 

deposited directly on tiie subsfrate witiiout fiirther ionization. In a denser plasma, tiie 

source molecules may get fiirther broken up tiirough collisions witii muttiple low 

temperature electrons. It is important to note, however, that tiie substrate was poshioned 

at the top ofthe chamber, not against the outer wall. The outer wall poshion would give 

tiie best deposition rate because h is the direction of plasma drift in the toroidal chamber. 

The low deposition rate and poor film quality in the toroidal system gives further 

evidence that the plasma density was much lower than in the cylindrical system and the 

election temperature at the substiate was much lower, also. The reduction in plasma 

density and election temperature at the substiate comes from the toroidal drift causing the 

plasma to dissipate against the chamber walls. 
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The toroidal drift velocity has a magnitiide of E/B, from Equation (2-24). The 

electric field comes from tiie separation of ions and elections due to grad-B and curvature 

drift in a torus. The electiic field wiU depend on tiie density oftiie plasma. If tiie plasma 

has a low enough density, tiie induced electiic field will be small, and combined witii a 

high magnetic field, tiie drift velocity will be small. If tiie chamber's minor radius is not 

too much smaller tiian the major radius, the elections will be able to propagate around the 

torus before being pushed completely mto the wall oftiie chamber. As seen in Figure 

4.2, the magnetic field is higher in the turns oftiie chamber, because the coil is wrapped 

more densely and more uniformly tiiere. The higher magnetic field will result in a lower 

toroidal drift velocity. In future designs, the toroidal chamber can carry a positive 

potential to help confine tiie plasma (6). Also, the separate sections ofthe coil should be 

separably contioUable, so the ECR condition can be met m one section, and the toroidal 

drift velocity can be reduced around the tums. These two designs can be combined to 

optimize plasma transport efficiency. 

Conclusions 

The toroidal ECR deposition system has reliably produced a sustainable argon 

plasma, with election temperatures suitable for thin film deposition. The two major 

impediments to actually producing thin films are the high operating pressure when using 

reasonable gas flow rates, and the low ceiling on microwave power. The first problem 

can easily be fixed with a high volume vacuum pump for use during deposition. The 
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second problem may be rectified by changmg the microwave inlet system to more closely 

resemble the one on the cylindrical system. If these measures do not solve the problem, 

perhaps a computer model will help redesign the system or find out the exact cause ofthe 

breakdown plasma. Reducing the size oftiie access ports with respect to the size ofthe 

chamber will make modeling easier and the magnetic field profile more uniform. This 

will allow easier contiol over the placement oftiie ECR region. Separably controlled 

sections ofthe magnetic field coil would also allow a greater degree of contiol ofthe 

transport efficiency around the torus, allowing selection ofthe energy range ofthe plasma 

that makes it to the deposition area. 

A future study oftiie distiibution of election energy would require eitiier a digital 

means of taking Langmuir probe data, so many plots may be averaged for greater 

accuracy, or better yet, a diagnostic technique which is not as affected by a magnetic 

field, such as reconsideration of emission spectroscopy. Although more accurate 

diagnostic techniques would pin down the plasma parameters more exactiy, the plasma is 

certainly energetic enough at low microwave energies that once the microwave 

breakdown problem is solved, and tiie plasma density increased, the system will ahnost 

certainly produce good quality films. 
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1. 

2. 

3. 

4. 

6. 

APPENDIX A 

OPERATING PROCEDURE 

Start with all the valves closed. 

About three hours before deposition, open the gate valve to the cryopump and the 

pneumatic valve between the vane pump and tiie cryopump. 

Start the vane pump. Pump the chamber down to 10 mT. 

Close the gate valve to isolate the cryopump. Start the cryopump compressor and 

cold head (switches are on the back ofthe compressor). 

One hour before deposition, tum on the microwave meters and MKS Mass Flow 

ContioUers to warm them up. 

Tum off the vane pump (the cryopump should still be isolated from the chamber), 

open the chamber and insert the sample holder. 

Close the chamber, tum on the vane pump, and pump the chamber dovm to 10 

mT. 

When the temperature ofthe cold head is less than 20 K, open the gate valve to 

the cryopump and pump the chamber down to approximately 10'̂  Torr. As the 

chamber is so small, this should happen almost immediately. 

Close the gate valve to the cryopump. The pressure will again rise to 

approximately 10 mT, but tiie system should be cleaner. 
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10. For running an argon plasma: 

Open the argon bottle and set the regulator valve at about 7 p.s.i. 

Set the leak valve at 88 to 100 depending on the desired pressure. 

For running a source gas plasma: 

Make sure the MFC's are caUbrated for the gas or gases to be used. 

Set the MFC's for tiie flow rate desired in seem (standard cubic 

centimeters per minute). 

Open gas or liquid source bottles and open all manual valves. 

Open pneumatic cutoff valves, tum on MFC's and verify their operation. 

11. Tum on coil cooling water. Tum on the voltmeter across the 1 V / 6 mA shunt 

resistor. 

12. Move enable switches on coU control panel to the on position. Make sure the 

Variac contioUing coil current is on its lowest setting. 

13. Tum on Hobart current generators ONE AT A TIME. Turning both these 

generators on at once will blow the fuse in the power box (East Building only). 

14. Tum on paralleling unit. 

15. Tum up the current with the remote unit, watching the shunt resistor's voltmeter to 

reach the desired current. Keep an eye on the temperature ofthe coolant as it 

leaves the coil. 

16. Tum on cooling water for the microwave dummy load. Tum on the fan for the 

magnetron (on tiie magnetron's rack). Adjust tiie voltage for 4.4 Votts AC. 
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18. 

19. 

17. Tum on tiie high voltage rack witii the switch on tiie right side near tiie vertical 

center ofthe rack. Tum tiie MAIN and PRIMARY switches to tiie right. The 

windows at tiie bottom oftiie switch faces will change to "ON". Move the switch 

labeled "control" to the up (on) position. 

Push tiie HV ON button in tiie upper right comer oftiie rack. The HV ON light 

and the CHECK ZERO light should tiim on. Check to see if the current and 

voltage in the rack (meters are in the upper left comer ofthe rack) are zero. 

Raise tiie voltage to tiie magnetion by pushing the RAISE VOLTAGE button in 

the upper right comer ofthe rack. Raise the voltage to the magnetion until the 

current drawn by the magnetion is 0.4 DC Amps (the highest pencil mark on the 

meter-use the LO scale). 

Adjust the 3-stub tuner near the dummy load until some microwave power is 

diverted to the chamber. As the reflection from the chamber increases, adjust the 

4-stub tuner to minimize this reflection. Add microwave power by adjusting the 

3-stub tuner near the dummy load. Altemately adjust the 3-stub tuner and 4-stub 

tuner until the desired microwave power is delivered to the chamber and the 

reflection from the chamber is minimized. 

21. Readjust the current to the coil to maximize the plasma brightness, if necessary. 

20. 
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APPENDIX B 

MAGNETIC FIELD DATA 

Table B. 1 Magnetic field directly under microwave mlet, center of port opening 

Shunt Resistor (mV) Coil Current (A) Magnetic Field Stiength (Gauss) 

69.9 
79.8 
85.1 
90.1 

419.4 
478.8 
510.6 
540.6 

570 
650 
692 
735 

95.2 
100.0 
105.0 
109.9 

571.2 
600.6 
630.0 
659.4 

777 
815 
859 
898 

114.9 
120.0 

689.4 
720.0 

940 
980 

83 

Uikr.>.^^'..Mv!'.j '»a&AtuU:vfMtJiy!vuifiliflBJiS£e^^ 



Magnetic Field of Mam Toroidal Chamber 

Table B.2 Magnetic field of main chamber, center tiack 

Distance from center Magnetic Field Strength 
(mches) (Gauss) 

0.0 860 
0.5 877 
1.0 900 
1.5 915 

2.0 929 
2.5 931 
3.0 923 
3.5 918 

4.0 905 
4.5 889 
5.0 874 
5.5 863 

6.0 861 
6.5 870 
7.0 890 
7.5 917 

8.0 950 
8.5 979 
9.0 1005 
9.5 1016 

10.0 1025 
10.5 1024 
11.0 1021 
11.5 1016 
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Table B.2, continued 

Distance from center 
(inches) 

12.0 
12.5 
13.0 
13.5 

14.0 
14.5 
15.0 
15.5 

16.0 
16.5 
17.0 
17.5 

18.0 
18.5 
19.0 
19.5 

20.0 
20.5 
21.0 
21.5 

22.0 
22.5 
23.0 
23.5 

24.0 
24.5 
25.0 
25.5 

Magnetic Field Stiength 
(Gauss) 

1009 
1002 
998 
990 

983 
979 
978 
979 

981 
987 
996 

1005 

1021 
1037 
1042 
1043 

1042 
1041 
1034 
1027 

1022 
1015 
1011 
1003 

995 
971 
950 
906 
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Table B.2, continued 

Distance from center 
(inches) 

26.0 
26.5 
27.0 
27.5 

28.0 
28.5 
29.0 
29.5 

Magnetic Field Stiength 
(Gauss) 

858 
835 
825 
818 

827 
840 
851 
865 

30.0 865 

The magnetic field stiength reading was taken every half inch, starting directly 

undemeath the center ofthe microwave inlet port. The coil current was 627 Amps. The 

coolant temperature was 49 degrees Celsius at the outlet. It is important to keep in mind 

that the last few magnetic field sttength readings may be inaccurate, caused by the probe 

not being perfectly flexible around the tums in the chamber. 
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Table B.3 Magnetic field stiength of main chamber, outer track 

Distance from center Magnetic Field Stiength 
(inches) (Gauss) 

3.0 901 
3.5 894 

4.0 898 
4.5 887 
5.0 869 
5.5 840 

6.0 750 
6.5 630 
7.0 626 
7.5 698 

8.0 795 
8.5 839 
9.0 850 
9.5 856 

10.0 850 
10.5 833 
11.0 824 
11.5 807 

12.0 794 
12.5 791 
13.0 792 
13.5 782 

14.0 776 
14.5 770 
15.0 775 
15.5 745 
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Table B.3, continued 

Distance from center 
(mches) 

16.0 
16.5 
17.0 
17.5 

18.0 
18.5 
19.0 
19.5 

20.0 
20.5 
21.0 
21.5 

22.0 
22.5 
23.0 
23.5 

24.0 
24.5 
25.0 
25.5 

26.0 
26.5 
27.0 
27.5 

28.0 
28.5 
29.0 
29.5 

Magnetic Field Stiength 
(Gauss) 

734 
728 
740 
741 

719 
721 
735 
726 

742 
766 
764 
752 

734 
773 
803 
81S 

816 
825 
814 
SOI 

792 
778 
761 
758 

757 
768 
774 
775 
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Table B.3, continued 

Distance from center 
(inches) 

30.0 
30.5 
31.0 
31.5 

32.0 
32.5 
33.0 
33.5 

34.0 
34.5 
35.0 
35.5 

36.0 
36.5 
37.0 
37.5 

38.0 
38.5 
39.0 
39.5 

40.0 
40.5 

Magnetic Field Stiength 
(Gauss) 

780 
782 
787 
793 

789 
780 
773 
772 

770 
765 
756 
738 

704 
661 
649 
690 

805 
843 
858 
865 

883 
910 

The magnetic field stiength reading was taken every half inch, starting three inches 

from the center ofthe microwave inlet port. The coU current was 617 Amps. The 

coolant temperature was 44 degrees Celsius at the outlet. It is important to keep in mind 
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that the last few magnetic field stiength readmgs may be inaccurate, caused by the probe 

not being perfectly flexible around the tums in the chamber. 
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Table B.4 Magnetic field stiength of main chamber, inner tiack 

Distance from center Magnetic Field Sttength 
(mches) (Gauss) 

0.0 
0.5 
1.0 
1.5 

864 
875 
887 
901 

2.0 
2.5 
3.0 
3.5 

918 
925 
925 
924 

4.0 
4.5 
5.0 
5.5 

928 
935 
941 
945 

6.0 
6.5 
7.0 
7.5 

938 
934 
966 

1045 

8.0 
8.5 
9.0 
9.5 

nil 
1190 
1218 
1229 

10.0 
10.5 
11.0 
11.5 

1232 
1246 
1237 
1232 

12.0 
12.5 
13.0 
13.5 

1226 
1217 
1206 
1193 
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Table B.4, contined 

Distance from center 
(inches) 

14.0 
14.5 
15.0 
15.5 

16.0 
16.5 
17.0 
17.5 

18.0 
18.5 
19.0 
19.5 

20.0 
20.5 
21.0 
21.5 

22.0 
22.5 
23.0 
23.5 

24.0 
24.5 
25.0 
25.5 

26.0 
26.5 
27.0 
27.5 

Magnetic Field Stiength 
(Gauss) 

1185 
1196 
1187 
1186 

1194 
1189 
1202 
1190 

1234 
1262 
1298 
1324 

1345 
1352 
1368 
1368 

1344 
1303 
1222 
1067 

934 
885 
902 
914 

910 
907 
908 
920 
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Table B.4, contined 

Distance from center 
(inches) 

28.0 
28.5 
29.0 

Magnetic Field Stiength 
(Gauss) 

940 
974 
985 

The magnetic field stiength reading was taken every half inch, starting directly 

undemeath the center ofthe microwave inlet port. ThecoUcurrent was 614 Amps. The 

coolant temperature was 46 degrees Celsius at the outiet. It is important to keep in mind 

that the last few magnetic field stiength readings may be inaccurate, caused by the probe 

not being perfectiy flexible around the tums in the chamber. 

Magnetic Field of Cross Piece 

The magnetic filed measurement ofthe cross piece was started at an end ofthe cross 

piece, not the middle ofthe port as in the previous measurements. For the first set of 

measurements, the probe was centered 1/2 inch from the wall ofthe chamber. The first 

measurement, labeled 0 degrees, was taken against the wall nearest the vacuum manifold 

port. The measurement labeled 90 degrees was taken with the probe against the top of 

the chamber (the ceiling). The 180 degree mesurement was taken nearest the gas inlet 

port, and the 270 degree measurement was taken near the bottom ofthe chamber. The 

coil current was 625 Amps. 
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Table B.5 Magnetic field stiength ofcross piece, large radius (Gauss) 

Distance from 

Edge of Cross (in) 0° 

0.0 
0.5 
1.0 
1.5 

2.0 
2.5 
3.0 
3.5 

4.0 
4.5 
5.0 
5.5 

6.0 
6.5 
7.0 
7.5 

8.0 
8.5 
9.0 
9.5 

860 
904 
933 
939 

944 
950 
967 
986 

988 
946 
949 
940 

689 
672 
695 
758 

853 
952 
980 
961 

45° 

843 
900 
927 
939 

940 
941 
949 
961 

963 
923 
875 
803 

754 
736 
755 
801 

868 
923 
943 
929 

90° 

891 
934 
944 
947 

940 
928 
918 
909 

881 
867 
853 
853 

864 
877 
885 
877 

873 
878 
883 
883 

135° 

953 
976 
986 
979 

966 
955 
946 
931 

919 
905 
888 
848 

809 
786 
790 
824 

873 
917 
953 
935 

180° 

995 
1006 
1021 
1010 

995 
978 
985 
989 

1019 
989 
904 
789 

727 
694 
690 
728 

808 
897 
999 
1015 

225° 

958 
984 
988 
982 

955 
941 
931 
916 

909 
905 
890 
866 

844 
825 
811 
819 

848 
890 
910 
924 

270° 

874 
926 
955 
955 

938 
926 
917 
899 

874 
865 
864 
862 

862 
864 
866 
864 

859 
867 
882 
888 

315° 

863 
885 
930 
942 

940 
932 
933 
928 

930 
919 
888 
827 

759 
736 
756 
799 

865 
911 
943 
932 

For the second set of measurements, the probe was centered 1 1/2 inches from the 

wall ofthe chamber. The coil current was 627 Amps. 
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Table B.5 Magnetic field stiength ofcross piece, small radius (Gauss) 

Distance from 
Edge of Cross (m) 0° 45° 90° 135° 180° 225° 270° 315= 

0.0 
0.5 
1.0 
1.5 

2.0 
2.5 
3.0 
3.5 

4.0 
4.5 
5.0 
5.5 

6.0 
6.5 
7.0 
7.5 

8.0 
8.5 
9.0 
9.5 

934 
943 
951 
955 

956 
956 
955 
943 

928 
900 
865 
836 

813 
814 
830 
858 

899 
924 
934 
946 

923 
931 
937 
940 

938 
935 
932 
925 

913 
898 
867 
846 

817 
809 
812 
825 

848 
879 
902 
921 

935 
942 
948 
947 

946 
937 
930 
917 

904 
885 
964 
849 

839 
837 
843 
858 

880 
887 
912 
920 

936 
942 
946 
944 

940 
934 
924 
910 

892 
875 
857 
840 

830 
824 
833 
850 

869 
889 
904 
920 

934 
940 
945 
946 

945 
942 
935 
929 

918 
896 
862 
830 

806 
798 
804 
829 

857 
904 
925 
937 

917 
925 
934 
941 

942 
937 
928 
918 

907 
891 
878 
864 

844 
837 
838 
847 

864 
889 
907 
921 

909 
916 
931 
935 

937 
934 
927 
917 

902 
883 
865 
851 

842 
836 
840 
852 

862 
881 
898 
909 

912 
921 
929 
936 

940 
939 
936 
927 

920 
900 
872 
845 

825 
814 
818 
835 

857 
883 
904 
917 
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