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ABSTRACT 
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Low pressure plasma discharges have been an important process in the 

manufacturing of microelectrorucs devices since the late seventies. 

Therefore, the knowledge and control of the physical and chemical 

phenomena in plasmas are important for reactor design and process 

development. In order to understand the process, it is necessary to be able to 

make accurate measurements of plasma parameters, such as charged particle 

density, electron temperature, and ion energy. 

There are three objectives in this research; the first objective is to 

develop a new automatic electrostatic probe system in order to make accurate 

measurements of plasma parameters such as plasma potential 0^, electron 

temperature T^, electron density and electron energy distribution function 

(EEDF). The second objective is to investigate the forces acting on 

contaminant particle which can be generate during process. The final 

objective is to understand the physical nature of the plasma which is very 

sensitive to changes of processing variables such as rf power and pressure. It 

was discovered that both ion drag and electrostatic forces induce particle 

trapping. Additionally, over the range of processing variables explored, the 

mode of heating transited from ohmic to stochastic, resulting in a variation of 

the plasma parameters. 
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CHAPTER 1 

Introduction 

Plasma process have been an important step in the manufacturing of 

microelectronics devices since the late seventies. This process is only one of 

several semiconductor manufacturing processes, however remains a very 

crucial one: it is one of the steps which determine the limits where integrated 

circxiits (IC) can be produced with sufficient accuracy. The introduction of 

sub-micrometer device fabrication steadily increased the demands on plasma 

process control and improved diagnostics. 

One of the cost drivers in IC manufacturing today is product yield. 

Maximizing product yield of every process step is an overriding concern 

because product yield can be degraded by variations of operating conditions of 

a particular process and by contamination. Specifically, more than 50% of 

device yield loss may be directly attributed to particle contamination [1]. 

Contamination can take many forms, but in the interest of this work, 

contamination by particulate will be discussed. Particle can be introduced 

during handling, processing and from the environment. The advancement 

in clean room technology has allowed environmental particle contamination 

to be minimized. Of considerable concem is the contamination of a wafer by 

the particular process. Not only can the chamber in which the process takes 

place contribute the particle contamination, but also the process itself can 
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generate particles. Plasma process are notorious for reducing product yield by 

contamination due to particle formation in the actual plasma. Particles may 

not be due to the release from the reactor surface during process but may be 

unavoidable by-products of the process even in a clean reactor. 

In order to understand the physical phenomena which occur in 

plasmas, it is necessary to be able to make accurate measurements of plasma 

parameters, such as the charged particle (positive ion, negative ion or 

electron) derisity, electron temperature, ion energy and contaminant particle 

derisity. Therefore, the knowledge and control of these plasma parameters, 

which is one of interests of this research, have become more important for 

reactor design and process development. 

1.1 Overview of Particle Contamination 

In the mid-80's the first observation of particles in a process plasma was 

reported by Roth et al. [2] who observed a narrow band of particles near the 

plasma-sheath interface (PSI) in a silane/argon plasma. In the late-80's, using 

a laser light scattering (LLS) technique, Selwyn et al. [3-5] demonstrated that a 

well-defined dome or ring-shaped particle clouds existed at the PSI near the 

center or the edge of the wafer. The lateral position of the cloud was 

experimentally related to several parameters such as pressure, gas flow rate, 

and power. The contaminant particles consisted primarily of the target 



material; therefore, it was clear that the particles nucleated as a result of 

sputtering of the target. Selwyn et al. [5] also showed that the cloud of 

particles boimded by the PSI depended on the material topography of the 

driven electrode which induced the disturbance in plasma. 

Jellum et al. [6,7] reported particle formation in dc and rf sputtering of 

metals such as copper and aluminum. Using vertically polarized laser light 

with two detection angles, they determined that particle sizes were in the 

range of 100-200 nm. They also demonstrated a thermophoresis effect on 

particles which tended to move towards the colder side. Negatively charged 

particles were first reported experimentally by Selwyn et al. [3], and 

theoretically by Nowlin et al. [8]. 

Carlile et al. [9-11] have used a timed Langmuir probe technique in 

order to diagnose the contaminated plasma near the trap regioris. The trap 

regions occupied by the particles were found to exist at a time-averaged 

plasma potential 0o which was a few volts larger than the surrounding 

plasma. This is the condition required to attract negatively charged particles 

into the trap from the surroimding plasma and to confine them within the 

trap. 

Six forces acting on particles in plasmas have been discussed [12]: 

electrostatic trapping force, gravitational force, fluid drag force due to the 

process gas flow, thermophoretic force caused by a temperature gradient, ion 

drag force due to ior\s flowing toward electrodes, and photophoretic force due 
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to differential heating or radiation pressure. The electrostatic force has been 

considered a major force acting on the particles. Bowling et al. [13] observed 

that in the absence of electrostatic force, gravitational force was dominant in a 

vacuum chamber at low pressure. This would imply that processing a wafer 

with its face-down towards the bottom of the chamber is cleaner than with its 

face-up. 

1.2 Overview of Electrostatic Probe Technique 

The conventional Langmuir probe has been often used for plasma 

diagnostics because of its apparent simplicity: a bare wire is inserted into a 

plasma. The principle of the Langmuir probe is to measure an electrical 

current which depends on how the wire biases with respect to the plasma 

potential. Since the pioneering work of Langmuir over 60 years ago, several 

excellent reviews of the subject have been published [14-16]. The probe 

technique was originally applied to the measurement in dc plasmas. 

Unfortunately, the use of Langmuir probes in rf plasmas has been 

complicated by the problems associated with time-varying component 

interference [17-20]. Various tuning techniques have been adapted in order to 

use the Langmuir probe in rf plasmas. Paranjpe et al. [17] have successfully 

minimized the perturbing effects of rf interference on the probe current-

voltage characteristics by mounting a tuning circuit on the probe end outside 
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of the chamber. A modified method based on this technique have been used 

in our experiment. 

Over a very wide range of operating conditions, the details of the 

current-voltage characteristics of the plasma, which are measured with a 

Langmuir probe, can be related to the plasma parameters. Although the 

probe perturbs its local surroundings, it is still possible to determine electron 

temperature T^, electron density n^, plasma potential <P, and electron energy 

distribution function (EEDF). 

Measurements of the time-averaged plasma potential <PQ can be made 

using an emissive probe, which is superior to a cold Langmuir probe [21]. 

With emissive probe, the probe tip is heated to a temperature such that there 

is thermionic emission of electrons. When the probe voltage is less than the 

plasma potential, the emitted electrons flow from the probe to the plasma. 

When the voltage is larger than the plasma potential, the electrons flow from 

the plasma to the probe. This technique is not sensitive to plasma flow 

because it depends directly on plasma potential rather than electron kinetic 

energy. Therefore, the emissive probe can measure the potential in non-

Maxwellian plasmas. A unique aspect of the emissive probe is that it is less 

sensitive to surface contamination because its surface is heated to provide the 

electron emission. Unfortimately, unlike the conventional Langmuir probe. 
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the emissive probe can not be used to determine other plasma properties such 

as plasma density or electron temperature. 

The emissive probe, first disctissed by Langmuir [22], and a technique 

for obtaining the plasma potential from the floating potential of a strongly 

emitting probe by Kemp et al. [23], have not found widespread use in plasmas 

because of problems associated with the strong emission and generally 

negative comments about the probe in a previous review article [14]. 

Recently, however, it has become clear that other options exist for using 

emissive probes [24-27]. These options include the inflection point method in 

the limit of zero emission by Smith et al. [28], differential emissive probe by 

Wang et al. [24], and self-emissive probe by Hershkowitz et al. [29]. Because of 

these options, it appears that the only limitation on the use of an emissive 

probe is if the probe can survive in a plasma environment for an extended 

period of time, a problem encountered by all probes. 

1.3 Work of this Dissertation 

There are three objectives in this work; the first objective is to develop 

a new automatic probe system in order to make accurate measurements of 

plasma parameters. Three new probe techniques were developed for this 

work; a tuning technique which is typically used on Langmuir probes to 

minimize rf interference, was adopted for measurements using an emissive 
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probe. A probe which acts both as an emissive probe and a Langmuir probe 

was developed for accurate measurements of plasma parameters. Finally, a 

probe system was designed and built, thus allowing the plasma properties to 

be mapped by moving the probe and collecting the data automatically. 

The second objective is to investigate the forces acting on contaminant 

particle transfer. The plasma potential <P(, for four different cases of material 

configurations on the driven electrode was mapped. After the measurements 

of 00, the locations of the particle clouds were examined using the laser light 

scattering method. 

The effects of two forces, electrostatic and ion drag forces, acting on 

particle transfer were discussed. The z component of electrostatic force 

perpendicular to the electrode surface, prevents negatively charged particles 

from entering the sheath and tends to move them toward the center of the 

bulk plasma. According to the LLS results, the particle traps were foimd near 

the PSI, and not in the bulk plasma. Thus, in order to trap particles at this 

location, a second force must be acting on the particles which is directed 

toward the sheath, and balances F^. It was postulated that this balancing force 

is the ion drag force [30]. The results of the calculations showed that IF^. I 

and IF^ I had very close magnitudes near the traps for all four cases. 

The final objective is to understand the physical nature of the plasma 

which is sensitive to changes of process variables such as rf power and 
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pressure. Different plasma conditions were examined using a constant 

chamber configuration which was a 25 mm diameter aluminum disk placed 

at the center of the electrode. The time-averaged plasma potential was 

mapped using the probe in the emissive probe mode. Following the 

measurement of 0g, electron density n^, electron temperature and electron 

energy distribution function (EEDF) were measured by the probe in the 

conventional cold Langmuir probe mode. 

It was fovmd that the mode of electron heating transited from ohmic to 

stochastic did an important role in a variation of the plasma parameters. The 

plasma potential Og electron temperature decreased as the rf power 

was increased from 20 W to 80 W. At low power levels, the power was 

transferred mainly through ohmic heating. As the power and therefore, the 

rf voltage across the sheath were increased, a larger fraction of the power was 

transferred stochastically by the oscillating sheaths [31]. This produced a very 

small concentration of highly energetic electrons and a large concentration of 

low energetic electrons, thus shifting the EEDF to the low temperature region, 

and consequently, the average electron temperature was decreased [32]. Since 

the plasma potential is a function of the electron temperature, the drop of the 

plasma potential with an increase in rf power could be explained. The 

electron density was approximately proportional to the rf power. The velocity 

at which the sheath expanded and contracted due to oscillating rf field, tended 
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to control the power input to the plasma in a low pressure, and was linearly 

dependent on the applied rf voltage. Therefore, the dependence of the 

electron density on the power was realized. 

An outline of this dissertation follows : 

In Chapter 2 the theoretical backgroimd of probe measurement and 

contaminant particle trap is discussed. 

Chapter 3 discusses the experimental configuration. Specifically, the 

following equipment will be elaborated upon: the probes, the automatic probe 

system, the LLS system, and the GEC reference cell. 

Experimental results from the probe and LLS measurements are 

presented in Chapter 4. 

Finally, in Chapter 5, conclusions are drawn from results. 
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CHAPTER 2 

Theoretical Background 

2.1 Emissive Probe Theory 

The use of an emissive probe in a dc plasma in order to find the plasma 

potential was first discussed by Langmuir [21] and more recently by several 

researchers [21, 23-29]. The principle concept behind the emissive probe is 

that the tip of a conventional Langmuir probe is heated to a temperature r.„ 

such that there is thermionic emission of electrons. When the dc probe 

voltage V is less than the plasma potential near the probe tip ^ or K < the 

thermionically emitted electrons flow from the probe to the plasma as shown 

in Fig. 2.1. As the probe voltage is increased, a reversal direction of the probe 

current near (p occurs. The characteristics of this reversal can be used to 

determine the plasma potential 

In this dissertation, the inflection point method for measuring <P, 

described by Smith et al. [28] and Hershkowitz [33] is considered. These 

authors show that if the electron emission from the probe is small enough so 

that there is no space charge effect, then occurs at the inflection point of the 

current I with respect to the probe voltage V, or 0 = V at dl/dV = 0. 
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Throughout this work, the time-invariant current I is measured and 

reported. A plot of dl/dV versus V generated by an emissive probe shows a 

sharp peak at V =<P. Hence, the 0 can be determined with more accuracy 

than is attainable when using a conventional non-emitting Langmuir probe. 

Smith et al. [28] stated that the accuracy of the emissive probe method is on 

the order of kT^/e volts for no space charge effects. 

2.1.1 Emissive Probes in rf Plasmas 

In typical plasma processing, rf power source generates plasma at a 

single frequency/. The potential of this plasma is time-varying but can be 

resolved into Fovirier components of amplitude <P„, n =0,1, 2,... at frequencies 

nf. One is often interested in (Pg, the time-averaged or time-invariant 

component of the potential, since this component determines average drift of 

the charged species as well as regions where charged contamination particles 

are trapped [9-11]. If a dc voltage V is applied to the emissive probe, a time-

varying current is collected. Like the plasma potential, this current can be 

resolved into Fourier components. The time-invariant component I is the 

most easily measured using resonant LC circuits [21]. Therefore, in order to 

close the argimient, a relationship between the time invariant plasma 

potential and the time invariant probe current is needed. 



Wang et al. [26] have examined the behavior of I versus V in an rf 

generated plasma. They found that dl/dV versus V displays two sharp peaks, 

and the mid-point between two peaks, , is very close to In one 

experiment, the error was about 4% for the largest used and 

decreased to zero as was decreased. Thus, is a close measure of 

even in the presence of space charges. These workers used an idealized 

experimental system in which <PQ and 0, were present, but = 0 for n > 1. 

In a real rf plasma, such as this experimental system, all are present. 

We have observed that dl/dV versus V still displays two peaks, but the 

maxima of these peaks cannot be found with good accuracy because the peaks 

are broad; thus, this leads to a large error in determining . Therefore, an 

alternate method of measuring 0g was sought. 

With conventional Langmuir probes used in an rf plasma, a technique 

which is widely used to reduce errors due to the effect of rf voltage on 

measurements of time-averaged parameters, such as plasma potential, 

electron temperature, and etc., is to introduce LC circuits resonant at the 

fimdamental frequency/ and the first harmonic frequency 2/ in series with 

the probe tip [34]. The concept is to minimize the time-varying component of 

the plasma potential across the sheath of the emissive probe so that the probe 

only measures a time-invariant component 0^. 
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In this research, this technique has been applied to an emissive probe 

used in an rf plasma. For our system, the fundamental frequency / is 13.56 

MHz; therefore, LC circuits resonant at 13.56 and 27.1 MHz have been 

introduced in series with the filament leads of the probe. One would expect 

that the I versus V characteristic would be similar to that in the dc plasma. 

The <Po can then be determined by using the inflection point method. 

2.1.2 Equivalent Circuit of the Emissive Probe 

A schematic diagram of the emissive probe system is shown in Fig. 2.2. 

The emitting hot filament is shown as the loop between points A and B. A 

floating power supply provides a dc current which heats the filament to 

thermionic emission. Two LC circuits were coimected in series with each 

filament lead, one resonant at/ = 13.56 MHz and the other at 2/ = 27.1 MHz. 

These circuits were contained in a metal housing which was electrically 

floating. Using a semiconductor parametric analyzer HP4145A, a linearly 

increasing voltage V in steps oi AV = 0.5 V was applied to the probe whose 

ramp time was several seconds. The HP 4145A also measured the current 

flowing toward the probe l(V). A large capacitor Cj shorted out any rf 

component of the current so that I measured by the analyzer was time 

invariant in the seiise that it did not contain rf components. Both V and l(V) 



as a function of time were stored digitally on an IBM compatible PC. To 

reduce random fluctuations in I and dl/dV, the value of I(V) corresponding 

to V and three adjacent values of I on either side of I(V), were averaged. 

The function of the resonant LC circuits in reducing the rf voltage 

across the probe tip sheath has been discussed by Paranjpe et al. [17]. In this 

system, the LC circuits functioned in a similar manner. The equivalent 

circuit for this system is shown in Fig. 2.3. The point P corresponds to a point 

in the plasma near the probe. The Fourier components of the plasma 

potential are shown in Fig. 2.3 as voltage sources. The point P is separated 

from the probe tip T by a sheath whose impedance can be represented by a 

resistance and a capacitance C^2 parallel. The displacement current that 

flowed across the sheath flows through C^2 while the conduction current 

crossing this sheath flowed through R^; the conduction current consisted of 

plasma electroris and positive ions flowing from the plasma to the probe as 

well as emitted electrons flowing from the probe to the plasma. In addition, 

the floating metal housing was partially immersed within the plasma and 

that portion was surroimded by a sheath. The displacement current flowed 

through the sheath capacitance C^j and then through an internal capacitor Cj 

to the probe tip T. Thus the impedances of the two sheaths are in shunt, and 

have a combined shunt impedance where n indicates the frequency nf. 

To explore the time invariant condition of the equivalent circuit, let I  

(V) = IQ(V) for ^0 ^„ = 0, n >0. The current is, in fact, the current 



25 

we desire to measure and for which the inflection point method applied to Ig 

will yield 0^. When ^ 0, n >1 are present, the nonlinear sheath 

characteristics will cause an rf current to flow with the Fourier components I,  

Zj, I2,where I is the time-invariant component that is measured, and to 

which 0„,n >0 will contribute. Let I - Ig = AI. Wang et al. [26] have shown 

that if only fpg and 0, are present, then dl / dV has a double peak character 

and 00 = On the other hand, if AI can be forced to zero, then dl/dV = 

dIg/dV will be single peaked, with the peak occurring at V = as has been 

shown by Smith et al. [28]. 

In the absence of the LC circmts, the point T in Fig. 2.3 is at rf ground 

because of C3. Therefore, is the rf voltage across leading to a 

maximum value of AI. However, if the LC circuits are present and tuned to 

resonance with impedance Zj and Z, at/and 2/, divides between Zj^j ^ and 

SO that the voltage across Z^^j^ is 0^2 i^shu/Thus, as with 

conventional Langmuir probes used in rf plasmas, it is desired to design the 

LC circuits so that ^ allowing to be minimized with 

the result that I = Ig,  and dl/dV will consist of a single peak occurring at V = 

^0-
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For this case, the floating metal box was a cylinder 1 cm in diameter 

and 3 cm long. Neglecting the ends, and assuming a sheath thickness of 0.5 

mm, one could estimate C,, in Fig. 2.3 to be approximately 16 pf, which led to 

an upper bound on ^shl of 900 £2, where the series Cj equal to 66 pf was 

included; is approximately 450 Using an rf impedance analyzer Zj and 

Zj were measured to be 37.3 and 47.3 K£2, respectively. Thus, Zj^j/CZj+Zj^j) < 

2x10'^ and Z^^/{Z2+Z^^2) < 1x10'^. If the voltages across Z^^j 2 are reduced by 

two orders of magnitude, AI should be negligible compared to Ig Therefore, 

during this research, the time invariant component I ~ Ig was successfully 

measured and the influence due to the time variant component was 

minimized. 
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2.2 Langmuir Probe Theory 

The original motivation behind the Langmuir probe was to determine 

the electron density n^, ion density n„ electron temperature T,, electron energy 

distribution function (EEDF), and plasma potential ^ in a dc plasma. Prior to 

discussing the behavior of the probe in a plasma, it is necessary to define an 

regime of operation. This is done by comparing the size of the probe Tp to the 

mean free path I, and to the Debye length Ap The Debye length defines the 

size of the primary sheath region surrounding the probe. If the Debye length 

is much smaller than the mean free path (/ » ), particles crossing the 

sheath will suffer no collisions (collisionless sheath). If / « A^, the particles 

will suffer many collisions as they cross the sheath (collisional sheath). If the 

pressure is low so that the mean free path is large and / I « 1, then a 

collisionless systems characteristic of conventional Langmuir probe theory 

applies. 

The probe tip can be spherical, cylindrical, or planar. The cylindrical 

probe has been used throughout this research becavise it was desired to use a 

single probe as both an emissive probe and a conventional Langmuir probe, 

depending on the heating current to the probe tip. If the heating current was 

supplied to the probe, it became an emissive probe. In the absence of a 

supplied current, the probe acted like a cold Langmuir probe. A sketch of the 
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cylindrical probe's I -V characteristic in a steady state discharge is shown in 

Fig. 2.4. The qualitative behavior of this curve can be explained by splitting 

the I-V characteristic into three different regions, as shown in Fig. 2.4. 

At the point V^, the probe is at the same potential as the plasma. For 

large negative values of the probe bias with respect to V^, essentially all 

electrons in the vicinity of the probe are repelled from it. The electron 

current to the probe can be negligible. The resulting electric current to the 

probe consists of the ion current which is of the order of the natural ion-

diffusion current. Although Z, will continue to increase for V « V^, this 

branch of the characteristic is called the "ion-saturation", and it is 

approximately equal to: 

where n, and Vg are the ion density and Bohm velocity respectively. Ap is the 

collecting area of the probe and e is the electronic charge. 

As the probe bias V is still made less negative with respect to V^, a 

condition is reached at a point where the collected electron current exactly 

balances the ion current, and the net current to the probe is zero. This point 

is called the floating potential. In the region between and (transition 

region), the probe bias V is still negative with respect to the plasma potential 

Vp, however the probe now attracts more electrons so that the resulting 

current to the probe is an electron current. If the electron distribution is 
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Maxwellian, as is often the case, the behavior of the / -V curve in the 

transition region will be exponential once the ion current is subtracted. From 

this, can be determined. 

Near V = V^, the electric field produced by the probe approaches zero, 

and electron current increases towards its natural diffusive value. At V = V^, 

the electron current is equal to: 

where and are the electron density and velocity respectively [14]. For V 

> Vp, the probe is at a potential that is positive relative to the plasma 

potential. The probe current I increases slowly as ions are repelled and 

electrons are accelerated to the probe, giving rise to the electron-saturation 

phenomena, with a saturation current 

2.2.1 Langmuir Probe in dc Plasma 

The Langmuir probe was originally designed to diagnose a dc plasma by 

finding several plasma parameters such as n„ n^, T^, and<P. These parameters 

were calculated assuming a Maxwell-Boltzmann electron energy distribution 

[2035]. For this assumption, the electron current to the probe in the 

transition region was given by; 
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= ^-^exp(-^) (2.3) 
4 kT^ 

where <l>p = V - V^. Then, 

din I. e E _ (2.4) 
dt kT, 

The measurement of the slope of the natural log of the probe I -V curve in 

the transition region will allow determination of the electron temperature T^. 

Then, the electron saturation current 7^^^, is given by 

J m 
4 y mn^ 

J^kT —- for Maxwellian electrons. Substituting 
Ttm, 

for kT^ and solving for the electron density one obtains: 

(2.6) _ ^h .SA, f d\nl^ 
8e' d(t>, " ' " A  

^2 

P / 

By plotting the I -V probe characteristic on a semi-logarithmic scale, 

the plasma potential was often found at the point of intersection of the 

transition and electron saturation regions. The maximum in dl/dV also 

occurred at the plasma potential [36]. 

The ion collecting region of the I -V curve can be used to obtain the 

ion density. The ion current as a fvmction of the probe potential has been 

calculated numerically by Laframboise [37]. Laframboise calculated the ion 
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cvirrent and concentration asstiming Maxwell-Boltzmann electron and ion 

distributions. He gave the ion current /- as: 

where i is a dimensionless parameter which is a function of e^^/kT^ and 

depends weakly on r^lX^. In Fig. 2.5, ciirves for i from Laframboise versus the 

negative of the dimensionless potential {-e^^/kT^) with as a parameter 

are plotted under the assumption that the ion temperature is much smaller 

than (T, « T,). Examination of Laframboise's curves for i shows that a 

square root dependence of i on the probe bias is a good approximation for 

Tp/A-D close to zero which is the case of interest to this work. This dependence 

has been assumed by Paranjpe et al. [17]. A better dependence of i on has 

been proposed by Wicker [20] who has asstuned a power law dependence of i 

on e0p/kT^ from: 

Using a least-square fit of the data in Fig. 2.5, values for a and b were 

calculated and shown in Table 2.1: 

By combining equations (2.7) and (2.8), and differentiating (Z, Y"' by 0p, 

one obtains: 

(2.7) 
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I 

' ~ —b 
oA/^'ikT,)' 

Once a and b are known, the ion density n, can be determined from the slope 

of a plot of (/, Y^'' versus (^p. 

rp/Ao a b 

0 1.2315 0.47101 

3 1.3284 0.42922 

4 1.2669 0.38672 

Table 2.1 Values of a and b for three values of / A^) 

A plot of (I, y'"' versus <l>p should be a straight line if the ions follow the 

assumption of Laframboise and in this work, rp/Aj, = 0.1; hence the 

coefficients a and b are used for the case when Tp/Ap = 0. Paranjpe et al. [17] 

have assumed that b = 0.5 and a = 1.1284 for = 0 is a good enough 

approximation for the calculation of n,. However, it was realized by Geha [38] 

& 
d<l>. 

(2.9) 
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that choosing b = 0.47101 instead of 0.5 for Tp/Ap = 0 yielded more accurate 

values for n,. 

As was seen in the previous section 2.1, the parameters discussed above 

are to be measured in an rf plasma. Therefore, LC resonant circuits have been 

used in order to minimize the effect of time-variant components associated 

with rf plasmas. Once these circmts are added to the Langmuir probe, the data 

obtained from the I -V curves can be used to calculate some of plasma 

parameters using equations and methods for dc plasma. 
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Figure 2.4 

Typical I - V  characteristic of a cylindrical Langmuir probe 



Figure 2.5 

Laframboise's curve: ion current versus probe potential for various 

ratios of probe radius to electron Debye length 
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The nimierical techniques used to process the probe I -V characteristic 

are discussed here. These techniques were used to obtain: a) time-averaged 

plasma potential ^g, b) electron temperature c) electron density n^, and d) 

electron energy distribution function (EEDF). 

a. Time-Averaged Plasma Potential 

The time-averaged current I  ( V )  collected by a conventional Langmuir 

probe can be written: 

= (2.10) 

where is the electron current which is due to the collection of electrons and 

If is the ion current which is due to the collection of ioris. As presented 

earlier, I (V) rises exponentially with V for V <0 within the transition 

region. As the probe bias V approaches 0, /, approaches zero. At V =<P, the 

sheath surroimding the probe tip collapses and 

/(<D) = /,(cD) = (2.11) 

The increase o f  I  ( V )  with V  changes to a power of V for V > ^ [15]. In 

general, I (V ) typically contained a knee at V  =0. However, the plasma 

potential is quite difficult to estimate from the I -V characteristic of the non-



40 

emitting Langmuir probe. This is of fundamental importance for the correct 

interpretation of the probe characteristics. 

An alternative approach to explicitly determine the plasma potential is 

to use an electron emissive probe.  As previously mentioned,  a  plot  of  d l /dV 

versus V shows a sharp peak at V = ^ hence, 0 can be measured with more 

accuracy than is attainable when using a conventional Langmuir probe. In 

this work, I -V characteristics of an emissive probe were used to determine 

the plasma potential. However, in order to determine other plasma 

parameters, the I -V characteristics of the conventional Langmuir probe were 

used. 

b. Electron Temperature 

The method proposed by Laframboise [37] to calculate the ion density 

from the data of Langmuir probe is used in this research. Equation (2.9) 

shows that the slope of i 
^ dV 

is a constant: 

(2.12) 

Integrating yields: 

I . l = - C V + D .  (2.13) 
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Since I j  =  O a t V = 0 , D  =  C 0 ,  and 

l. = C''(<P-V)'' >0. (2.14) 

If V « 0, i.e. -30 V < y < -10 V, = 0, and I = /.; from equation (2.10), a 

plot of ~ versus V should be a straight line with slope C. This allows to 

calculation of I, over the entire range of V up to the plasma potential, i.e. 

-30 V < <0. Using the Langmuir probe, the total current is measured from 

which the electron current can now be determined: 

1^ = 1 (measured) + Z, (calculated). (2.15) 

The electron current 4 is used to determine the electron temperature T^. 

Taking the natural log of equation (2.3): 

A e n v  e d )  
ln/,=ln(-^) + -^ (2.16) 

4 kT^ 

where the first term in the left side is a constant and the slope of the In {Q -V 

curve is inversely proportional to 

(2.17) 
dt kT, 

c. Electron Density 

Once the electron temperature is known, the average electron velocity 

can be calculated. If equation (2.5) is rearranged, the electron density can be 

determined from following equation: 
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4/ 
n, = —^ (2.18) 

where 4^, can be measured experimentally when V = <5. 

d. Electron Energy Distribution Fimction (EEDF) 

For electrons with a homogeneous density in real space, £ is the kinetic 

energy of an electron and is expressed as 

e = (2.19) 
2 

where c is the velocity at any spherical radial coordinate in velocity space. An 

electron energy distribution function (EEDF), / (£) can be defined in terms of 

dn^, the number of electrons with energies between e and e + de: 

dn^ = nj{£)4£de (2.20) 

integrating this equation, we obtain: 

\^f{£)4ede = l. (2.21) 

If the electrons are Maxwellian with a temperature T^, 

m = (2.22) 

t h e r e f o r e ,  — [ I n / ( £ ) ]  =  — ( 2 . 2 3 )  
de kT 
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The average electron velocity <c> = and the average electron energy <£> 

are: 

<c>=iif7(e)ai£ (2.24) 

and 

3 

< £ >= f(e)e^d£. (2.25) 

Swift et al. [15] have presented a discussion which shows that / (e ) can 

be obtained from by obtaining its second derivative with respect to V: 

/(e)|..„«-v, = (2-26) 

where H is a constant. In determining/(e), one needs to use /^obtained from 

equation (2.16) and then the second derivative of 4 with respect to V is 

computed numerically. The coristant H may be found from equation (2.21): 

-  V ) ]  = 1, (2.27) 

and then 

H = [^2 f" . (2.28) 
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2.4 Particle Trapping 

Particles have been observed in argon plasmas used for sputtering 

silicon [5,839-42] silicon dioxide [439], graphite [39,43]. Such particles 

consisted primarily of the target material. Therefore, it is likely that they 

must have nucleated and grown in the gas phase from target atoms removed 

during the sputtering process. 

Topographic and material discontinuities on the electrode induce 

disturbances in the plasma that attract or trap particles. Topographic changes 

on the electrode must, therefore, alter the spatial profile of the sheath, and 

cause localized changes in the sheath thickness. Material changes on the 

electrode surface have an affect on the secondary electron emission and 

thereby cause changes in the localized plasma density [5,9-11]. Particle traps 

are three dimensional inhomogenities, limited by the plasma-sheath 

interface (PSI) on one side and the surrounding of the electrode disturbance 

along the horizontal dimension. 

Particles are confined within these localized regions (traps) despite the 

repulsive force between the charged particles. Probe measurements have 

shown that particle traps regioris exhibit a plasma potential higher than the 

potential of the surrounding plasma. Therefore, negatively charged particles 

move to these localized regions due to the electrostatic forces [9-11]. Ion drag 
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forces influenced by plasma inhomogenities transfer the momentum to 

particles and causes particle transport. 

The work by Nowlin et al. [8] has shown theoretically that particles are 

charged negatively on the order of 10 '^ to 10'^® Coulombs. The total charge on 

the contaminant was shown to be linearly related to the surface potential by 

Q = AnedV{d) (2.29) 

where d  is the diameter of the particle in cm, and V  { d )  i s  the potential at the 

particle surface, and is dependent on the ion and electron energies as follows: 

V{d) = -4.6 (2.30) 

where T, is the electron temperature and T, is the ion temperature in eV. The 

total charge on a particle is approximated by 

Q = -5.13 X (2.31) 

For example, with 0.0258 eV positive ions and 4 eV electrons, a 1 ^.m 

diameter particle will develop a charge approximately -10'^® Coulombs, equal 

to 6000 electrons. 

Experimentally, Carlile et al. [9-11] and Selwjm et al. [44] confirmed that 

particles charge negatively. The electron density in the traps was found to be 

less than the electron density outside the traps by a factor of 2. 

Six forces have been proposed to act on particles in plasmas [12]: 

electrostatic force, thermophoretic force, ion drag force, molecular drag force, 

photophoretic force, and gravitational force. The relation between 

electrostatic and gravitational forces was reported by Selwyn [45]. The 
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minimum electrostatic field required for suspension of particles in the 

plasmas is 

gpd'^ = neE (2.32) 
o 

where d is a particle diameter, p is a particle der\sity, n is a number of 

charges on a particle in the presence of the electric field E, and g is the 

gravitational constant. Recently, the ion drag force was also considered as one 

of major forces to act on particle transfer [30]. 

As previously mentioned, if some of the plasma parameters such as 

plasma potential, density, and electron temperature, which can be measured 

using the probe method are known, the location of the particle traps can be 

predicted. The predicted location can be confirmed by the laser light scattering 

(LLS) method. 
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3.1 Gaseous Electronic Conference (GEC) Reference Cell 

In an attempt to discover the detailed behavior of plasmas, many 

researchers have conducted numerous experiments whose results lacked 

correlation. It was discovered that the geometry of various plasma reactors 

had an effect on the basic plasma properties. Therefore, a number of 

participants at the 1988 Gaseous Electronics Conference (GEC) agreed that a 

standard discharge chamber was needed in order to effectively compare the 

experimental results. The initial design for this GEC Reference cell was 

drawn up at the Sandia National Laboratory in 1989 [46,47]. The drawings 

were sent to all participants and made available to other interested 

researchers. A GEC Reference ceU was assembled in 1992 at the University of 

Arizona. 

The GEC Reference cell is a conventional parallel type reactor with 102-

mm-diameter electrodes. The electrode system is described in Fig. 3.1. The 

grounded electrode contained many small sized holes (0.3 mm in diameter) 

on the head (termed the "shower head") through which the gas is admitted to 

the chamber during operation. The powered electrode contains an 



48 

aluminum head which is capadtively coupled to a 13.56 MHz rf power 

supply. 

Both electrodes are water-cooled and have removable ground shields. 

During operation, gas (argon) is exhausted from the system through eight 

equally spaced slots located on a 200-mm-diameter circle at the bottom of the 

lower chamber. The exhaust line has a throttle valve which was used to 

adjust the conductance of the line so that the chamber can maintain the same 

pressure throughout the experiment. 

There are eight ports on the upper chamber: fotir 70 mm diameter 

ports, two 152 mm diameter ports, and two 203 mm diameter ports. Two of 

the small ports are used for gas (argon and nitrogen) inlets for the modified 

version of the GEC cell, which will be discussed later in this section. The 

other small ports are occupied by pressure gauges: an ion gauge (< 10"* Torr) 

and a capacitance manometer (> 10"^ Torr). A gate valve connected to the 

turbo molecular pump (Balzer 320) was installed at one of the middle size 

ports. The other port is used for the manipulator of the probe system. Two 

large ports provide optical access extending beyond the diameter of electrodes. 

The system is powered by a 500 W ENIAGC-5,13.56 MHz rf supply and 

automatically adjusted ENI MW-5 matching network. The typical rf power 

ranges used are from 20 W to 200 W. In all cases, the reflected power was less 

than 5% of the forward power. 
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3.1.1 Modified GEC Reference Cell 

Several workers have reported particle cloud locations in other parallel 

type rf plasma reactors [6,7,9-1139,40] which are similar to the GEC cell. 

Typically, they found the clouds aroimd the edge or above the center of a 

silicon wafer or a powered electrode, but in this work, ring shape particle traps 

were formed aroimd the upper grovind shield and under the lower ground 

shield. Therefore, several different configurations were applied to the 

original GEC reference cell in order to obtain results similar to those 

previously reported. 

It was decided to remove the groimded electrode (upper electrode) 

from the chamber. The space between the electrodes was only 25.4 mm, so 

that strong gas flow from the shower head could remove particles from the 

traps. Instead of the electrode, a blank grounded plate was mounted on the 

top of the chamber as shown in Fig. 3.2. In order to minimize the effect due 

to gas flow, a 150 mm diameter ring shaped gas source with 50-60 holes (0.1 

mm diameter) mounted under the powered (lower) electrode. The space 

between the powered electrode and the ground plate was 145 mm. After this 

modification, particle clouds were found at the expected regions. 
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Electrode system of the standard GEC reference cell 
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Electrode system of the modified GEC reference cell 
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3.2 The Emissive Probe and The Probe Control System 

The details of the emissive probe are shown in Fig. 3.3. Two wires 

(molybdenum, 0.25 mm in diameter) were pulled through a ceramic shaft 

with two bores. A 0.6 % thoriated tungsten filament (0.025 mm in diameter, 

5 mm in length) was spot-welded across the ends of molybdenum wires. Two 

LC circuits were cormected in series to each molybdenum wire where the wire 

emerged from the ceramic shaft; one LC circuit resonant at / = 13.56 MHz and 

the other at 2/ = 27.1 MHz. In order to protect the circuits from the electric 

field in the plasma and to reduce /these circuits were housed in an 

aluminum tube (floating metal box) as shown in Fig. 3.4. 

The filament was heated to thermioruc emission by a dc power supply. 

During the experiments the tip surface temperature was maintained around 

1700°C which was measured by a Pyro-Micro optical pyrometer. Using a 

semiconductor parametric analyzer (Kff' 4145A) which was controlled and 

programmed by a computer (IBM compatible PC), a linearly increasing 

voltage V from -30 V to 40 V within 2 seconds was applied to the probe. The 

incremental change in V was AV = 0.5 V. This device also measured the 

flowing current I (V) toward the probe. A large capacitor cormected from the 

output of the analyzer to the ground shorted out any rf component of the 
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current, so that I  measured by the analyzer was the time invariant 

component. 

The powered electrode is described in cylindrical coordinates. The z  

axis is perpendicular to the surface of the powered electrode and the (r = 0, z = 

0) is at the powered electrode center and surface. The r axis is parallel to the 

electrode surface. The probe which was moimted on a manipulator (J. K. 

Lesker company. Model VZDP2) as shown in Fig. 3.4 and could be moved 

independently in two dimensions (r, z) by means of two step motors: one for 

the r axis motion, and the other for the z axis motion. 

The manipulator was controlled by a progranunable step motor 

controller which could be progranuned by the computer. Both the analyzer 

(HP4145A) and the manipulator were controlled by one computer; hence, by 

the "QBASIC" program, the current I could be measured and the probe could 

be moved continuously. Typically, the plasma potential <J>o and other plasma 

parameters were mapped for 0 cm < r < 7 cm and 0.6 cm < z < 1.7 cm; Ar = 0.5 

cm and Az = 0.1 cm. We assumed (r, ^ = 0, z) = (r, (p  = k ,  z)  since the 

configuration of the powered electrode was s)mimetric in <f>. Therefore, only 

one half of the cell were measured during experiments. 
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3.2.1 Modified Emissive Probe 

A modified emissive probe is shown in Fig. 3.5. The emissive probe, 

which was already described in the beginning of this section, can only 

measure the time averaged potential 0^. This probe also needed to work as a 

non-emitting Langmuir probe in order to measure other plasma parameters. 

Therefore, the filament length / was increased. I was long (/ » Aj,) enough so 

that the collection of ions and electrons was not disturbed. The Pyrex glass 

was added in front of the ceramic shaft in order to increase the filament 

length (7 or 8 mm). 



Molybdenum 

Spot-Welding 

Ceramic Shaft with Two Bores ThoriatedTungsten RIament 

Figure 3.3 

Details of probe construction 

a) without ceramic insulator, and b) with ceramic irisulator 
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Emissive probe system 
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Figure 3.5 

Details of the modified emissive probe; the filament length I is much longer 

than Debye length (/ » 
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Particles in the chamber were detected by the laser scattering method. 

The laser was used to illuminate particles a He-Ne laser (Spectra-Physics 

model 127), with a wavelength of 632 nm and an output power of 35 mW. A 

schematic of the optical components used is shown in Fig 3.6. The beam was 

passed orthogonally through a 150 mm diameter and a 6 mm diameter 

cylindrical lenses which spread it into a ribbon beam. 

A periscope with two elliptical mirrors (3.2 cm in diameter) were used 

to raise the beam from the level of the bench top bench so that it could pass 

through a Pyrex viewport installed on a 70 mm diameter port on the GEC cell. 

This arrangement illuminated a vertical cross-sectional area through the 

radial axis of the electrodes from the upper electrode to the lower electrode. 

One 203 mm diameter flange of the GEC cell was fitted with a viewport for 

observing laser light scattered from particles between the electrodes. The laser 

beam entered the cell at an angle of 45° with respect to the observation 

viewport. 

A charge coupled device (CCD) video camera was attached to an image 

intensifier (Xybion Electronic Systems model IRO-01). On the input side of 

the intensifier a 70 mm telephoto lens was mounted along with a laser line 

interference filter. The Oriel filter (model 52670) passed 40% of 633 nm 

wavelength light while attenuating the rest of the spectrum by 99.99%. This 
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allowed the original gain (-15,000) of the intensifier to be increased. The 

interisified image of the laser scattering from the cell was viewed on a 

monitor and recorded on S-VHS video. 
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Figure 3.6 

Interisified laser light scattering system 
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4.1 Testing of the Emissive Probe 

Before the time-averaged plasma potential 0(, was measvired using the 

rf compensated emissive probe, the probe was tested in several ways. First, 

the operation of the LXZ circxiits were checked to ensure that it effectively 

prevented the collection of time-varying components. The inflection point 

method was examined to determine its suitability for measuring the plasma 

potential. Finally, the reproducibility of the experiments was tested. 

4.1.1 Role of the LC Resonant Circuits 

To determine the effect of the LC resonant circuits, the probe tip was 

positioned at the center of the powered electrode and placed 2 cm above the 

surface of the electrode, (r, z) = (0, 2.0) in order to measure the potential 

within the plasma. The rf sheath thickness of this plasma was approximately 

7 or 8 mm. The probe voltage V was varied linearly from -10 V to +40 V, and 

I {V) was measured by HP4145A (parametric analyzer). 



In Fig. 4.1 (a), the four LC circuits shown in Fig. 2.3 were removed from 

the probe. The dl/dV curve had two peaks which were similar to the general 

characteristic described by Wang et al. [26]. One may estimate the time-

invariant plasma potential 0^ by finding the middle point ) between 

peaks. From the maximum values of each peak, it was found that 

« 13.5 V. In the case shown in Fig. 4.1 (b), four LC circuits were added and 

all of the system parameters, such as pressure, rf power, and gas flow rate 

were that of case (a). As predicted in chapter 2, the dl/dV curve has a single 

peak occurring at V = 0o= 14.5 V. The peak at the higher value of V in Fig. 4.1 

(a) is broad enough and the location of its true maximum is uncertain; 

therefore, the two values of determined from Fig. 4.1 (a) and (b) are 

different under the same system parameters. 

4.1.2 Inflection Point Method 

The basic idea of the inflection point method [28] is to follow the 

inflection point of the l-V characteristic as the emission is varied to the point 

of zero emission. When space charge effects are neglected, the inflection 

point corresponds to the plasma potential. In order to minimize the space 

charge effect, the filament temperature should be as low as possible, but still 



63 

high enough to produce electron emission. The inflection point is readily 

determined by taking the derivat ive dl/dV.  

In Fig. 4.2 (a), dl/dV is plotted versus V for three different electron 

emission currents which varied according to the changing temperattire of 

the filament. in Fig. 4.2 (a) was defined for = I at V = 0. In Fig. 4.2 (b), the 

emission current is plotted against the peak points, V = dl/dV curves. 

Extending a line through the points yields that (pg = 16.7 V at = 0. This is 

the most probable value for (Pg because the real potential occurs at the zero 

emission state. However, from Fig. 4.2 (b) for even a 5:1 variation of 

only varies by 7 %. 

4.1.3 Reproducibility of Experimental Resiilts 

The experimental procedures for using the probe are relatively simple, 

but do demand some care and attention to detail, if meaningful data are to be 

obtained. As previously mentioned, maintaining the filament temperature 

during experiments is important. Otherwise, space charge effects can result in 

different plasma potentials under the same plasma conditions. 

In order to ensure that meaningful measurements were being made, 

the measurement reproducibility of the plasma potential was checked. The 

coordinate system referenced to the cylindrical powered electrode are defined; 
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the z axis is perpendicular to the electrode surface. (r, z)  have been mapped 

for 0 < r < 2.5 cm and 0.9 < z < 1.4 cm; Ar = 0.5 cm and Az = 0.1 cm. W e 

assumed 0 = 0, z) = <t) = n, z) since the configuration of the powered 

electrode was symmetric in 0. 

Under the same plasma condition (pressure, rf power and gas flow rate) 

and the same configuration (2.54 cm diameter aluminum disk at the center of 

the powered electrode), the potential (r, z) was mapped six times: the first 

three consecutive measurements were performed in one day, and the second 

three consecutive measurements during another day. These results are 

shown in Fig. 4.3. The six maps are not exactly the same, however they are 

relatively well-matched. 

The average values of the potential <PQ were calculated for each 

measurement point. The average potential versus the measurement point 

is shown in Fig. 4.4 (a); the error bars, which is typically less than ± 0.3 V, 

indicate the standard deviation from its average value based on 6 

measurements. The average potential map is described in Fig. 4.4 (b). One 

can find the similarity between this map and other six maps easily. From this 

experiment, we find that our results are reproducible, and under the same 

condition different experiments show similar results. 
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Figure 4.1 

a) Without LC resonant circuits; dl/dV versus V ctirve shows double peaks, 

and b) with LC resonant circuits; minimized the effect of rf components, 

dl/dV curve displays single peak at ^ = <Po'' plasma condition: rf power = 70 

W, argon pressure = 75 mTorr, and gas flow = 35 seem. 
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The effect of space charge on the measurement of plasma potential; a) dl/dV 

versus V plot for three different values of , and b) electron emission 

current versus plasma potential 0g plot; plasma condition: rf power = 40 

W, argon pressure = 100 mTorr, and gas flow rate = 20 seem 
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a) average plasma potential versus measurement point, and b) average 

plasma potential map; plasma condition: rf power = 40 W, argon pressure 

140 mTorr, and gas flow = 25 seem; 
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4.2 Particle Trap Studies 

The plasma potential <Pg (r, z) has been mapped for four cases, which 

are shown in Fig. 4.5. Each case represents a different material configuration. 

In Fig. 4.5 (a). Case a, a 100 mm outer diameter and 25 mm irmer diameter 

aluminum ring with 3 mm thickness covered the powered electrode. A 

25 mm disk of soda-lime glass (relative permittivity 7) having 3 mm 

thickness was placed in the inner space of the aluminum ring. A slab of 

quartz, 3 mm thickness, with a square cross section 50 mm on a side was 

placed over the alimunum ring. Although the system was not symmetric in 

0, because of the square quartz, the = 0 plane was chosen to be parallel to a 

side of  the quartz  so that  one could expect  0Q (r ,  0  = 0,  z)  = (r ,  (p  = K ,  z )  = 

<Pg (r, z). In Fig. 4.5 (b). Case b, the configuration is the same as in Fig. 4.5 (a) 

except that the soda lime glass was removed from the aluminum ring. In Fig. 

4.5 (c). Case c, a 100 mm silicon wafer covered the powered electrode and a 

25 mm aluminum disk (3 mm thickness) was placed coaxially on the wafer. 

In Fig. 4.5 (d). Case d, the aluminum disk was replaced by the soda lime glass 

disk. 

The system was carefully cleaned prior to mapping in order to 

minimize the number of particles that might have been present. Following 

the measurements of 0Q , particles slowly appeared during 1 hour of plasma 



71 

operation. After this length of time, a particle cloud could be observed with 

laser light scattering. During the potential measurements particle clouds 

could not be seen with the laser light scattering; hence, it is presumed that 

only a few particles were present. Previous works [9-11] showed that particles 

could perturb the plasma potential distribution; thus, these measurements 

were performed in a very low particle environment. 

The laser beam illuminated the clouds at an angle of 45° with respect to 

the observation viewport, and a CCD camera captured the scattering image 

which coincided with <!>= 0 plane. A frame on the video tape containing the 

cloud image was examined. After scaling , the image was superimposed onto 

the (r, z) plane containing the map of 0g. 

The map of (r, z) for each four cases is shown in Fig. 4.6. 

Additionally, each image of the observed particle cloud is superimposed. In 

Fig. 4.6 (a). Case a, there is a disk-shaped potential maximum centered over 

the glass disk at (r, z) = (0,0.8). The value of <Po within this maximum is 21 V 

with Oo decreasing slowly for z  > 0.8 cm and rapidly for z  < 0.8 cm. The 

resulting electrostatic force f^ is sufficient to trap negatively charged particles. 

As expected, the superimposed particle cloud is located precisely within this 

maximum. 
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In Fig. 4.6 (b). Case b, the removal of the glass disk has considerably 

changed the configuration. The V-shaped 20 V contour line implies that 

particles could be trapped within this V line leading to a disk-shaped trap. 

The superimposed particle cloud shows that this indeed happened. However, 

there is no potential maximxmi. 

The electrostatic force will prevent the particles from escaping laterally 

since F„, the radial component, will be directed toward r = 0 for negatively 

charged particles. Nevertheless, the z component is always directed in the 

+2 direction. While this component will prevent particles from entering the 

sheath, it tends to move them toward the +z direction and toward the center 

of the plasma, which apparently does not happen. Thus, in order to trap 

particles, a second force must be acting on the particles. This force is directed 

in the -z direction and will overcome (+2 direction). It has been postulated 

that this force is the ion drag force [30], which will be discussed in the next 

section. 

In Fig. 4.6 (c). Case c shows the mapping of a ring-shaped trap around 

the periphery of the aluminum disk. The superimposed particle cloud 

confirms that the ring-shaped trap exists. Similar to Case b. Case c also does 

not have any potential maximum within the map. If one cor\siders the 

strong ion drag force F,, acting in the -z direction, one can predict this location 

of the trap. 
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En Fig. 4.6 (d). Case d, the mapping suggests that there might exist a 

small disk trap over the center of the glass disk and possibly a ring trap 

aroimd the periphery of the disk. The superimposed particle cloud indicates 

that only a small disk trap exists. It is possible, if more particles were in the 

system, that a ring trap might also be observed. Again, an ion drag force is 

required for particles to trap in this position. 

4.2.1 Discussion 

The ion drag force F, is postulated as the force which overcomes the 

electrostatic force on a particle and allows trapping of particles in Cases b, c, 

and d. The ion drag force is proportional to the ion drift velocity, which is 

given by 

In these two equations, is the ion mobility (positive quantity), and Q is the 

total negative charges on the particle (negative quantity). If F^ > 0, as it is for 

Cases b, c, and d, F^ will move the particles toward the center of the plasma. 

However, if 

while the electrostatic force is expressed as 

(4.1) 

(4.2) 

(4.3) 



74 

the net force will move the particles toward the sheath where they will be 

trapped. 

The inequality relation in equation (4.3) leads to trapping particles for 

Cases b, c and d, but unfortunately leads to untrapping for Case a. From Fig. 

4.6 (a), we see that the particle trap is at the potential maximum, and the 

electrostatic force F, is sufficient enough to trap particles. In this case, f plays 

the role of untrapping particles. We have to find a relation in this case which 

would lead to 

However, this scenario has no credibility unless we can show that f, 

and are comparable for our system; therefore, the relations between these 

forces as shown in equations (4.3) and (4.4) are at least possible. In order to 

find we have followed the work performed by Perrin et al. [48]. They 

expressed the ion drag force: 

where and are the ion density and the ion mass, (u^ ) is the 

momentum transfer cross section between an ion traveling at the drift 

velocity and a stationary particle, and G (x, 0 a correction factor. The 

correction factor G depends on x Using these two parameters, we can 

find G from the curve in the paper of Perrin et al. [48]. x is the ratio of the ion 

drift velocity to the thermal velocity 

(4.4) 

(4.5) 
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"+ x = — (4.6) 

where = 
nmj 

, and ^ is given by 

B 
(4.7) 

where Cj = 61.32 and is the effective Debye length. B is defined as 

eQ B = (4.8) 

Alternatively, equation (4.5) can be expressed as 

F,^=n,m,u,K„,Gix,0 (4-9) 

where K„^ is the momentum transfer rate coefficient [49] and its approximate 

expression is 

K ^ = ^ \ n  
tnt 3 1+ ^ 

B-
(4.10) 

Equations (4.9) and (4.10) will be used to calculate F^. 

For the four cases in which the potential distribution was mapped, one 

can define the electric field (z component) from Figs. 4.6 (a)-(d), as given in 

Table 4.1. The ion mobility is a calculable parameter which is defined as 

(4.11) 

where Y+ is the ion collision frequency. From this, the ion drift velocity in 

equation (4.1) can be found. During the experiments, the chamber pressure 
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was maintained at 170 mTorr. The argon ion density and electron 

temperature were found to be = 10' cmand T, = 4 eV, respectively. W e 

have chosen typical values for other parameters; = 0.05 eV and r (particle 

radius) = 0.5 HJH. 

In order to calculate and one also needs to define the parameter 

Z = Q/e, following the method by Barnes et al. [50]. In equilibrium the 

electron ciurrent to the particle is equal to the ion current to the particle and 

these currents are given, respectively, by 

where UQ is the bulk plasma density, is the bulk plasma potential and is 

the potential at the surface of the particle, is the mean speed of the ions 

approaching the particle and is given by 

(4.12) 

and 

(4.13) 

(4.14) 

When Zg and are equal, the equations can be simplified 

(4.15) 
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where a = (0p - 0s). It is possible to calculate a because all other parameters in 

equation (4.14) are known. The charge on the particle Q = eZ is given by 

where is the Debye length, which is typically larger than r. The plot of Z 

versus r is shown in Fig. 4.7. 

The results of the calculations are shown in Table 4.1, where it is 

consistently observed that If^l and \F^\ have very close magnitudes for all 

four cases. It is therefore plausible that the ion drag force in addition to the 

electrostatic force can cause the particle trapping. Detailed measurements of 

and throughout the trap region are needed to confirm this argument. 

(4.16) 
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Case E. Z 

(V/m) (m/s) (mVs) (N) (N) 

a 227 225 3790 1.47x10'= 2.20x10"" -1.38x10"" 

b -125 -124 3738 1.31x10"= -1.09x10"" 7.48x10-" 

c -167 -166 3755 1.21x10"= -1.35x10"" 1.00x10'" 

d -333 -330 3859 1.23x10"= -2.71x10"" 2.06x10"" 

Table 4.1 Ion drag (f^^) and electrostatic (F^) forces on a 0.5 |im particle; 

Al = 89.5 pjn, = 10' cm'^, T^ = 4: eV, and = 0.05 eV. 
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Geometric configurations of materials on the powered electrode; a) Case a, 

b) Case b, c) Case c and d) Case d 
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Figure 4.6 

Plasma potential maps: contours of constant <PQ, images of particle cloud are 

superimposed; plasma condition: pressure = 170 mTorr, rf power = 40 W, and 

gas flow rate = 20 seem; a) Case a, = -27.5 V; where is the dc offset 

voltage. 
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b) Case b, = -31.2 V. 



82 

0)  

N 0.6 

Particle C oud 

Aluminum Disk 

-4 
Silicon Wafer r(cm) 

Powered Electrode 

Figure 4.6 

c) Case c, = -31.3 V. 
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10.75, Case c: a = 10.8, and Case d: a = 11.1 
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4.3 Studies of Plasma Parameters 

The introduction of sub-micrometer device fabrication steadily 

increased the demands on plasma process control and improved diagnostics. 

Therefore, knowledge and control of intrinsic plasma parameters such as 

plasma density, plasma potential, and electron temperature, have become 

more important for reactor design and process development. 

The experimental procedure specified cleaning the system prior to 

measuring the time invariant potential in order to minimize the number 

of particles in the chamber; the presence of the particles effected 

measurements. The plasma potential 0^ was measured with the emissive 

probe. For thermionic emission of electrons from the probe tip, a heating 

current was supplied; heating of the tip also reduced the surface 

contamination. If the tip grew a contamination layer, it acted as a series 

resistance between the probe and the plasma. This layer was a barrier to 

impinging ions and electrons which were required to have sufficient energy 

to overcome this barrier. Following the measurement of <PQ by the emissive 

probe, the 152-mm-diameter gate valve was opened in order to remove any 

particles that might have been generated dtiring the first measurement. After 

the plasma was reignited and reached the same condition as the first 
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measiirement, other plasma properties were measured by the same probe, but 

in this case, the probe was working as a conventional cold Langmuir probe. 

The stepping motor controller was programmed to map the properties 

for 0 < r ^ cm and 0.7 < z < 1.7 cm. A 25 mm diameter aluminum disk, 

2.5 mm thickness, was placed at the center of the powered electrode as is 

depicted in the configuration shown in Fig. 4.10. Five different plasma 

conditions were examined with this configuration, and are tabulated in Table 

4.2. 

Case Pressure (mTorr) rf Power (W) 

a 100 20 

b 100 40 

c 100 80 

d 50 40 

e 150 40 

Table 4.2 

Plasma conditions used in this study; gas flow rate = 20 seem; process gas: 

argon, rf power was measured at the generator with a power meter. 
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4.3.1 Determination of Plasma Parameters from the Experimental Data 

In section 2.3, the methods used to calculate the plasma parameters 

were shown. In this section these methods will be applied to the 

experimental data. Single point where (r, z) = (0, 0.9) was chosen for 

evaluation. The time averaged plasma potential 0^ could be found from the 

I-V curve of the emissive probe. 0o was taken as the potential at the 

inflection point of the current I with respect to the probe voltage V. A plot of 

dlldV versus V showed a sharp peak atV = <Pg as shown in Fig. 4.8: 0g = 26 V. 

The other parameters were found from the l-V curve of the Langmuir probe. 

The constant C in equation (2.13) could be defined from the versus 

V curve as shov^ in Fig. 4.9 (a). l{V«0g (i.e. -20 V < V < -10 V), = 0, and /, 

was equal to I. The plot of versus V should be a straight line with the 

slope C: C = 5.02x10 ". The plotted data were well-matched with the straight 

line and the regression (R^) was 0.986. over entire range of V (i.e. -20 V < V 

< 0Q) could be calculated from equation (2.14). In order to find T^, was 

calculated from equation (2.16). Considering equation (2.17) the 

measurements of the slope of In versus V curve in the transition region (V^ 

< V < 26 V), as shown in Fig. 4.9 (b), allowed the determination of T^. The 

slope of the regression line was inversely proportional to T;. = 4.6 eV. 
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It is generally agreed that « «, in an argon plasma; however, the 

value obtained for has been shown to typically exceed that obtained for 

by a factor of 1.4 [35]. The measurements of involves the collection of 

electron current which tends to deplete the local electron density, and this 

causes the analysis to somewhat underestimate the value of n^. Therefore, 

the values obtained for n, should act as a lower bound on the actual plasma 

[51]. In this dissertation was calculated iristead of n, because could be 

calculated easily, and both follow the same distribution. This is explained by 

the fact that electrons and ions diffused with the same diffusion coefficient in 

the plasma (ambipolar diffusion). 

In order to find the equation 

4/ 
n, = —^ (4.17) 

was used. Using T^, the average electron velocity was calculated and 

was measured experimentally at V = The collecting area of the probe = 

2.2x10"^ m^. In this case, the value of was found to be equal to 4.31x10' cm'^. 

The plasma parameters were determined accurately using the methods 

described in Section 2.3. From this, it was found that the assumption about 

the electron energy distribution (Maxwellian) was valid for this case (100 

mTorr and 40 W). Similar conditions will be applied to the plasma for 

further studies; therefore the same methods continue to be used. 
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4.3.2 Plasma Potential 

The plasma potential 0g was mapped as stated in Section 4.3 

introduction. The plasma was derived from argon. The potential was 

mapped for 0.5 cm radial intervals for 0 < r < 5 cm, and 0.1 cm intervals for 

0.7 < 2 < 1.7 cm. Thus, there were 121 mapping points where a probe I-V 

curve should be measured. During the experiments the plasma conditions 

were held constant. 

In Fig. 4.10 a), for Case a (pressure = 100 mTorr and rf power = 20 W), it 

was seen that the plasma was at a potential with respect to ground of about 

26.5 ~ 28.5 V. There was a potential maximum occurred over the center of the 

aluminum disk near z = 12-14 mm. Using LLS (laser light scattering) 

method, this region corresponded to the region occupied by particles. 

In Fig. 4.10 b), for Case b, the plasma condition was the same as in Case 

a except that the rf power was increased to 40 W. A ring-shaped maximum 

region was observed over the edge of the disk at (r, z) = (±1.5, 1.2). The 

potential for this case varied from 24.5 to 27 V with respect to grovmd. 

In Fig. 4.10 c), for Case c, the power was further increased to 80 W. A 

ring-shaped potential maximum region existed over the edge of the disk 

where (r, z) = (±1.5,1.0). The potential for this case varied from 21.5 to 23 V. 
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For Cases a, b, and c, with the pressure and gas flow rate held constant, 

only the rf power was varied. The maximum potential region tended to 

move downwards and outwards as the rf power was increased and the 

potential was decreased as the rf power was increased. This paradoxical 

behavior was due to a change in the heating modes. At a low power level, 

the power was transferred mainly through ohmic heating. As the power was 

increased, the rf voltage across the sheath were also increased, and a larger 

fraction of the power was transferred stochastically by the oscillating sheaths 

[3132,51]. This produced a very small but highly energetic electron 

concentration, which was responsible for most of the ionization process, and 

a large concentration of low energetic electrons. Thus, shifting the EEDF 

(electron energy distribution function) to the low temperature region causes 

the decrease in average electron temperattire. Since the potential is a 

function of the electron temperature, the drop of plasma potential could be 

explained. 

In Fig. 4.10 d), for Case d (rf power = 40 W and pressure = 50 mTorr), the 

plasma was at a potential for this case varied from 22.5 to 24.5 V. The 

potential maximum region existed over the disk where z = 1.4 ~ 1.5 cm. 

In Fig. 4.10 e), for Case e, the pressure was increased to 150 mTorr, and 

the rf power held constant at 40 W. A ring-shaped potential maximum 

region was observed over the edge of the disk at z = 1.1 ~ 1.2 cm. 
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For Cases d, b and e, with the power and gas flow rate held constant, the 

pressure was varied. Similar to the case when rf power was varied, the 

potential maximum region tended to move downwards and outwards as the 

pressure increased. However, the magnitude of the potential showed a 

different trend. The magrutude of the potential increased as the pressure 

increased. The extent of electron stochastic heating was influenced by the 

sheath thickness [31,32,51]. Therefore, the effect of stochastic heating reduced 

with increasing pressure, because the sheath thickness decreased. The sheath 

thickness can be easily estimated from the maps: for 50 mTorr, sheath 

thickness s = 0.8 cm, for 100 mTorr, s = 0.7 cm, and for 150 mTorr, s = 0.6 cm. 

Hence, increasing pressure reduces stochastic heating, resulting in an increase 

in electron temperature and plasma potential. In order to support the 

assumption regarding changing plasma potential by varying power and 

pressure made in this dissertation, the electron temperature was mapped, and 

will be shown in the next section. 
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Maps of time-averaged plasma potential <Po; 25 mm aluminiim disk placed on 

the center of the powered electrode; gas flow rate = 20 seem; process gas = 

argon; a) Case a: = -17.4 V, and b) Case b: = -25.7 V. 
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4.3.3 Electron Temperature 

The electron temperatures of all 121 points in the map were calculated 

using the Langmuir probe data processing discussed in Sections 2.3 and 4.3.1. 

Most of the data plotted in a ln(IJ versus V curve were well-matched to a 

straight line having typical value of regression (R^) was about 0.99 ~ 0.90. 

In Fig. 4.11 a), for Case a (pressure = 100 mTorr and rf power = 20 W), 

the electron temperature was increased near the PSI (plasma sheath interface) 

region and the high temperature region existed over the aluminum disk at z 

- 0.8 ~ 0.9 cm. The value of electron temperature for this case varied from 4.25 

to 3.5 eV. 

In Figs. 4.11 b) and c), for Cases b and c, the pressure and gas flow rate 

remained constant and the power was increased to 40 and 80 W, respectively. 

The high temperature region near the PSI was enlarged as the power was 

increased. However, the temperature in the bulk plasma dropped as the 

power was increased, which was expected based on results of the previous 

section. The existing high temperature region near the sheath boundary is 

evidence which supports the idea regarding the importance of stochastic 

heating. 

In Figs. 4.11 d), b) and e), the rf power was held constant and the 

pressure was controlled at values of 50, 100 and 150 mTorr. The high 

temperature region was observed over the disk near the sheath boundary. As 
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the pressure was mcreased, the electron temperature also increased. As 

previously mentioned, the effect of stochastic heating diminished as the 

pressure was increased. Hence, the dependence of the electron temperature 

on the pressure could be observed. 
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Figure 4.11 

Maps of electron temperature T/, 25 mm aluminum disk placed on the center 

of the powered electrode; gas flow rate = 20 seem; process gas = argon; a) Case 

a: Vj, = -17.8 V, and b) Case b: V,, = -25.7 V. 
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c) Case c: = -38.3, and d) Case d: = -27 V. 
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e) Case e: = -25.2 V. 
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4.3.4 Electron Density 

The electron temperature was determined in the previous section 

and the electron saturation current was found from the experimental 

data. Therefore, the electron density could be calculated easily through the 

entire mapping region using equation (4.17). The contaminant particles were 

removed from the system before the measurements of the Langmuir probe 

were started and the measurement time was less than 15 min. Hence, the 

experiments were performed in a very low particle environment. 

In Figs. 4.12 a), b) and c), the pressure held constant at 100 mTorr, and 

the rf power was increased. As the power was increased, the high density 

region spread outwards and its value increased from 5.5x10^ to 1.0x10'" cm'^. 

The electron density at 100 mTorr is approximately proportional to the rf 

power which is supplied to the plasma. In the GEC reference cell stochastic 

heating contributes a sigruficant fraction of the electron energy gain [51]. The 

velocity at which the sheath expands and contracts tends to control the power 

input and is approximately linearly dependent upon the applied rf voltage, 

hence the dependence of electron concentration on rf power could be 

observed. 

In Figs, d), b) and e), the power was held constant at 40 W and the 

pressure was controlled at values of 50,100 and 150 mTorr. As the pressure 

was increased, the high concentration region developed over the edge of the 
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disk, and its magnitude increased from 6.0x10' to 1.1x10*° cm'^. The neutral 

density increased as the pressure increased. Therefore, the pressure 

dependence of the concentration could be seen. 
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Figure 4.12 

Maps of electron density n/, 25 mm aluminum disk placed on the center of 

the powered electrode; a) Case a: = -17.8 V, and b) Case b: = -25.7 V. 
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c) Case c; = -38.3, and d) Case d: = -27 V. 
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4.3.5 Electron Eriergy Distribution Function (EEDF) 
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In order to support the idea about the stochastic heating made in this 

dissertation, the electron energy distribution function / (e) was calculated. 

The shape of the EEDF / (e) in an argon plasma was plotted versus the 

electron energy £ where (r, z) = (0,1.2) as shown in Fig. 4.13. From equation 

(2.26),/(e) can be obtained from by obtaining its second derivative with V: 

where £  =  e { 0 - V ) > O  and H  i s  a  constant which can be found from equation 

(2.28). Therefore,/(e) is proportional to d^IJdV^. 

Two different Cases, Case a (20 W and 100 mTorr) and Case c (80 W and 

100 mTorr), were examined. As expected from the previous sections, the / (e) 

was shifted to a low temperature at a high power (Case c) due to the changing 

mode of electron heating. As a result, the average electron temperature of 

this distribution decreased. 

From equation (2.23), if the electrons were Maxwellian with 

temperature T^, 

—[in /(£)] = ——. 
d£^  ^  kT ,  

Therefore, 
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de "St' (4.18) 
kT 

In {dHjdV^) versus e plots are shown in Fig. 4.14. From the slope of the 

straight line in these plots, could be determined: for a), = 5.1 eV and for 

b), = 3.7 eV. Due to the shift of f{e), the temperature decreased as the power 

increased. These temperatures were higher than the values which were 

determined in Section 4.3.3 using the method in Sections 2.3 and 4.3.1. In the 

previous method, was determined within a small region of V {V^ < V < 0), 

but in this case, was determined within a relatively large region of V {0-

20<V< 0). 
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d^IJdV^ versus e plots; a) Case a: power = 20 W, and b) Case c: power = 80 W; 

both Cases: pressure = 100 mTorr and gas flow rate = 20 seem 
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c: power = 80 W and = 0.87; (r, z) = (0,1.2). 
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CHAPTERS 

Conclusions 

There are three objectives in this work; the first objective is to develop 

a new automatic probe system in order to make accurate measurements of 

plasma parameters such as plasma potential electron temperature 

electron density and electron energy distribution function(EEDF). Three 

new probe techniques were developed for this research; a tuning technique 

which is typically used on Langmuir probes to minimize rf interference, was 

adopted for measurements using an emissive probe. A probe which acts both 

as an emissive probe and a Langmuir probe was developed for accurate 

measurements of plasma parameters. Finally, a probe system was designed 

and built, thus allowing the plasma properties to be mapped by moving the 

probe and collecting the data automatically. 

The second objective is to investigate the forces acting on contaminant 

particle transfer. The plasma potential <Po for four different cases of material 

configurations on the driven electrode was mapped. After the measurements 

of 0Q, the locations of the particle clouds were examined using the laser light 

scattering method. The z component of electrostatic force F^, perpendicular 

to the electrode surface, was directed toward the center of the plasma (+2 

direction). This force prevents negatively charged particles from entering the 
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sheath and tends to move them in the +z direction, hence causing the 

particles to move into the bulk plasma. Experimentally, it can be observed 

that this does not occur. According to the LLS results, the particle traps were 

found near the PSI, and not in the bulk plasma. Thus, in order to trap 

particles at this location, a second force must be acting on the particles which 

is directed in the -z direction and balances It was postulated that this 

balancing force is the ion drag force F^ [30]. This force has the desirable 

property of always directing opposite to F^, because both F^ and are related 

to the z component of the electric field E,. 

However, this scenario has no credibility imless it can be shown that F, 

and F^are comparable for this system. The results of the calculations in Table 

4.1 showed that IF^ I and IF^ I had very close magnitudes near the traps for all 

four cases. A plausible argument was made that the ion drag force in addition 

to the electrostatic force could cause the particle trapping. 

The final objective is to imderstand the physical nature of the plasma 

which is sensitive to changes of process variables (rf power and pressure). 

Different plasma conditions were examined using a constant chamber 

configuration which was a 25 mm diameter aluminum disk placed at the 

center of the electrode. The time-averaged plasma potential 0g was mapped 

using the probe in the emissive probe mode. Following the measurement of 

0g, electron density n^, electron temperature T^, and electron energy 
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distribution function (EEDF) were measured by the probe in the conventional 

cold Langmuir probe mode. 

It was found that the plasma potential 0Q and electron temperature T, 

decreased as the rf power was increased from 20 W to 80 W. It was assumed 

that this paradoxical behavior was due to a change in the heating modes. At 

low power levels, the power was transferred mainly through ohmic heating. 

As the power and therefore, the rf voltage across the sheath were increased, a 

larger fraction of the power was transferred stochastically by the oscillating 

sheaths [31]. This produced a very small concentration of highly energetic 

electrons and a large concentration of low energy electrons, thus shifting the 

EEDF to the low temperature region, and consequently, the average electron 

temperature was decreased [32]. Since the plasma potential is a function of 

the electron temperature, the drop of the plasma potential with an increase in 

rf power could be explained. 

It was observed that the potential and temperature increased as the 

pressure was increased from 50 mTorr to 150 mTorr. The extent of electron 

stochastic heating was influenced by the sheath thickness [3132]; therefore, 

stochastic heating reduced with increasing pressure, because the sheath 

thickness decreased. Hence, increasing pressure reduces stochastic heating, 

resulting in an increase in electron temperature and plasma potential. 

It was found that the electron density increased as the power and 

pressure were increased. The electron density was approximately 
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proportional to the rf power which was supplied to the plasma. The velocity 

at which the sheath expanded and contracted due to oscillating rf field, tended 

to control the power input to the plasma, and was linearly dependent on the 

applied rf voltage. As the pressure was increased, the neutral gas density also 

increased. Therefore, the dependence of the electron density on the pressure 

could be realized. 

Another significant result of this work was the capability of the probe 

designed for this dissertation which were successfully used to measure the 

plasma parameters. The plasma potential was easily determined from dl/dV 

versus V plot. Other plasma properties were determined from I versus V 

characteristic. Most of cases (> 90 %), the electrons followed the Maxwellian 

distribution so that the electron temperature was accurately determined using 

the slope technique. One problem of our probe was that it did not work in 

high power and high pressure regime. For the thermionic emission of 

electrons, a very thin wire was used as the probe tip; therefore, the probe was 

thermally unstable due to the bombardments of high energy ions and 

electrons in this regime. 
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