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ABSTRACT 

Clouds of contamination particles suspended in process plasma have 

been observed by several workers. This dissertation reports on the electrical 

properties of such clouds (referred to as Electrostatic Particle Traps or EPT) in 

an argon sputter plasma using a silicon wafer placed upon a graphite 

substrate. Particle traps were illuminated using a specially adopted laser 

scanning technique. A tuned Langmuir probe was then inserted into the 

region of the trap and used to map several parameters including the time

averaged plasma potential. The trap was found to be as much as 5 volts 

higher in plasma potential than the surrounding plasma. Elementary 

electrostatics dictates that the trap is a region of net positive charge with an 

electric field being directed outward from the trap. Thus, negatively charged 

particles will flow into the trap. It was also found that the electrical properties 

of contamination particle traps are highly dependent upon the topography of 

the target and the materials used, with different results being obtained for 

each material combination. The Langmuir probe was also found to be an 

effective tool for mapping the interface between the plasma and the sheath to 

within 0.5 mm; the interface follows the topography on the wafer electrode. 
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CHAPTER 1 

INTRODUCTION 

Contamination of products by external particle sources is a major 

concern in the microelectronics industry. These particle sources are almost 

completely responsible for low yield in integrated circuits manufacturing. 

Furthermore, it has been shown [1] that fab down time for decontamination 

purposes may cause nearly five percent decrease in profit for a typical 

microelectronics factory. With such a direct link between contamination 

issues and manufacturing productivity and profit, recognizing and 

eliminating contamination sources must be pursued. 

The cleanroom environment is in many cases no longer the major 

particle contributor for device geometry of the order of 0.5 J.lm minimum 

feature size because state-of-the-art cleanrooms have fewer than 10 particles (> 

0.5 mm) per cubic foot [1]. Rather, processes such as wet and dry etching, ion 

implantation, and metal deposition are the dominant contributors of defect

causing particles. 

1.1 Microcontamination in Plasmas 

The trend toward smaller feature size in semiconductor devices has 

lead to the development of plasma etching tools as an alternative to wet 

etching techniques. Dry etching has several advantages over wet etching. For 
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example, increased dimensional control can be achieved by varying plasma 

parameters such as pressure and wafer temperature, thus attaining the 

desired degree of anisotropy [2]. Furthermore, anisotropy offers decreased 

lateral line widths into the submicrometer range, while the depth dimension 

can be chosen independently. Finally, contamination is generally reduced 

because ultrahigh purity gases are used, that are usually of higher purity than 

the reagent solutions used in wet etching. Although dry etching is much 

cleaner than wet etching, there is still significant yield loss due to particulate 

contamination. 

Contributions to wafer contamination in plasma etchers can be 

attributed to many sources. The process may generate products which form a 

film on chamber surfaces, and the deposited film may flake onto the wafer. 

The film may flake from the chamber surface when the chamber is pumped 

down or during processing. Flaking of films are generally controlled by 

periodic tool cleaning or by adjusting process parameters to reduce wall 

deposition of films. 

Particles may also be introduced into the tool by process gases. High 

purity gas sources with efficient filters are required to reduce contamination. 

In addition, the rate of gas flow during venting and initiation of gas flow 

must be controlled. This will prevent turbulence, that can stir up 

contamination in the tool. 

Wu, et al. [3], have offered an aerosol model of particle generation 

during pressure reduction. This model includes homogeneous nucleation of 

water saturated by abrupt cooling associated with pressure reduction, growth 

by condensation onto preexisting aerosol particles and particle settling due to 
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gravitation. In another paper, which was based upon this model, they 

derived a condensation based criterion that sets the maximum allowable 

pumping speed without particle generation, as well as simplified pumpdown 

schemes that minimize particle formations while optimizing throughput [4]. 

Particle composition was, in another study, found to be silicon and oxygen [5]. 

Another group of workers [6] found that the type of plasma excitation 

was a factor in particle generation. Results using an RF-aided process on 

unpatterned, single crystal silicon substrates are five times more sensitive to 

contamination compared to DC based processes. Therefore, the use of DC 

plasmas may be a tool for use in contamination reduction. Hendel, et. al. [7], 

suggested another method of particle minimization. They found that the use 

of moving erosion zones (spinning cathode) created low particle levels 

compared to the use of a stationary cathode. 

Recently, in parallel plate RF generated plasmas, dense clouds of 

contamination particles have been observed suspended within the plasma 

region for etch, deposition, and sputter plasmas [8-14]. Selwyn, et al. [8], used a 

chemically simple argon plasma, and a graphite cathode. Particle formation 

was enhanced by the presence of silicon wafers on the electrode. These 

particles have been illuminated by laser light scattering and have been video

recorded and displayed with a high resolution videocamera/VCR system [9]. 

Two types of trapping regions were observed: rings of particles around the 

outside edge of silicon wafers, and domes of particles over the centers of the 

wafers [9]. They also predicted that the particles are negatively charged and 

are electrostatically trapped at the sheath boundaries [14]. They identified 

parametric conditions for particle formation and growth, and suggested a 
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mechanism for nucleation and growth of particles. This mechanism 

involved formation of plasma negative ions from etch products, ion 

clustering with plasma species, and cluster growth into particles with 

electrostatic suspension and trapping. They also guessed that these particles 

drop onto the wafer when the RF power is turned off. 

Subsequent to this work, Nowlin and Carlile [33] have been able to 

calculate the negative charge on a particle, and have showed that 

recombination of electrons and positive ions can occur on a particle surface. 

1.2 Use of the Langmuir Probe in RF Plasma 

The Langmuir probe is a powerful tool for measuring key internal 

discharge parameters: the charged-particle concentrations, the electron energy 

distribution function (EEDF), and the plasma potential. Since the pioneering 

work of Langmuir over 60 years ago, several thorough reviews of the subject 

have been published [15-17]. The probe technique was originally applied to 

measurements in DC plasmas. Unfortunately, its use in RF discharges has 

been dominated by the problems of RF interference [18-21]. Various tuning 

techniques have been adapted in order to use the Langmuir probe in RF 

plasmas. The simplest approach consists of filtering the probe characteristic 

leading to a time-averaged characteristic [22]. However, large errors in the 

measurement of all the parameters will then result. Floating double probes 

may also be used to combat RF interference; however, this technique may 

cause distortion and spikes in the probe characteristics due to the difficulty of 

completely floating the DC voltage supply [16,23]. 
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Capacitive probes have also been used to monitor the time varying 

plasma potential in an RF discharge [24]. However, this method is suspect for 

non-Maxwellian electron distribution functions and when large plasma 

potential fluctuations are present. Other schemes rely on minimizing the RF 

voltage across the sheath either by driving the probe with an RF voltage or by 

increasing the impedance between the probe and ground so that the probe tip 

automatically follows the time varying plasma potential [25]. H the RF signal 

applied to the probe is matched in amplitude and phase to the local time 

varying plasma potential then the bias existing between the probe and the 

plasma is purely DC. The probe characteristic obtained under these 

conditions is therefore equivalent to one obtained in a DC discharge. This 

approach has been implemented successfully for measurements of charged 

particle concentrations and the electron energy distribution function EEDF in 

RF distributions for a variety of gases [22-32] since its introduction by 

Mosburg, Kerns, and Abelson [25]. McVittie et. al. [18], have successfully 

minimized the perturbing effects of RF interference on the probe 

characteristics by mounting a tuning network on the probe end outside the 

chamber. They used a choke in parallel with a tunable capacitor to minimize 

the RF noise. A method based upon their technique has been used here. 

1.3 The work of this Dissertation 

Selwyn et aI. [8,9,14], Spears et al. [10,11], Graves et aI. [12], and several 

others have observed particle contamination traps in RF plasma. In this 
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dissertation, we have been able to characterize these particle traps using a 

tuned Langmuir probe [18]. 

It was the purpose of this work to obtain a physical understanding of 

the nature of the region in the plasma where the particles are trapped and to 

demonstrate that these traps are electrostatic in nature (referred to as 

electrostatic particle traps or EPT). In order to do so, the particle traps were 

illuminated and the Langmuir probe was used to measure the localized 

plasma parameters of the trap containing regions. 

In summary, we find that the volume of a trap is at an electrostatic 

potential a few volts higher than the surrounding plasma. Elementary 

electrostatics leads to the conclusion that the traps constitute a region of net 

positive charge with the electric field directed outward in all directions from 

the trap. Thus, negatively charged particles within the trap are prevented 

from escaping by the repelling electric field, while negative particles outside 

the trap are drawn into it also by the electric field. We have also been able to 

measure the ion concentration (ni), the electron concentration (ne), the 

electron energy distribution function, EEDF, (f(e», and the electron 

temperature (Te). The following conclusions are deduced: 

1- For time T =0-10 min., the quantities (ni, ne, and Te) are spatially 

uniform, and do not show any measurable change across a trap boundary. 

2- As the trap starts to fill with particles, within the trap region, ni 

shows a small measureable decrease compared to outside the trap; ne shows a 

significant decrease, and T e shows a significant increase. 

3- ne decreases because negatively charged particles are filling the trap 

and quasi charge neutrality must be obtained, i.e., ni = ne + (QI e)np, where np 
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is the concentration of the particles/ cm3 and (Q/ e) is the number of electrons 

per particle. We have calculated np = 4.2ES particles/cm3 for 0.2 J.l.m particles 

at time T = 60 min. 

4- T e increases because recombination of electrons and ions on the 

particles is increasing. Generation of electron-ion pairs must always equal or 

exceed recombination within a trap. Hence, as the trap fills, Te must increase. 

S- Particle traps are system generated and not particle generated; a trap 

fills slowly with negatively charged particles (Tens of minutes). 

6- The trap region at time T = 0 is highly dependent on the material 

and topography of the RF driven electrode, with exotic shaped traps being 

observed. 

1.4 Dissertation Outline 

An outline of this dissertation is as follows: 

Chapter Two discusses the apparatus that was used to perform these 

experiments. The system contains three parts: the vacuum chamber, the 

optical scanner, and the Langmuir probe. Various system modifications are 

described. Also, the experimental design and analysis techniques used 

throughout this dissertation are presented in detail. 

Chapter Three discusses the theory of the Langmuir probe in plasmas 

and the necessary modifications done in order to make the probe collect 

significant data in RF plasma. Also, it discusses the processing of the data and 

the approach followed to calculate the electron and ion concentrations, the 

electron temperature and the plasma potential. 

1 8 



Chapter Four includes the experimental results of the data obtained for 

a silicon target placed on a graphite cathode followed by discussions of the 

results. This chapter also includes results for different combinations of 

various target materials placed on the aluminum cathode. 

Finally, in Chapter Five, conclusions are drawn from this analysis and 

suggestions for further study are made. 
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CHAPTER 2 

EXPERIMENTAL APPARATUS 

2.1 Apparatus 

The experiments were performed in a single wafer modified Tegal 

MCR-l plasma etch system, shown in Fig. 2.1, whose plasma is magnetically 

confined by permanent magnets located around the cylindrical sidewalls, as 

shown in Fig. 2.2. The reactor consists of a pair of aluminum electrodes (30 

cm diameter of the top electrode and 22.5 cm diameter of the bottom 

electrode) arranged horizontally and spaced 10 cm apart with an aluminum 

sidewall ring (7.25 cm high, 2.5 cm thick) and 2 macor rings (1.25 em thick) as 

shown in Fig. 2.3. The cathode of this system has been raised 3.7 cm to 

perform the experiments done in this dissertation as shown in Fig. 2.4. This 

raised cathode facilitates the optical illumination of particles. Following 

Selwyn [14], a 0.5 cm thick graphite disk has been mounted on top of the 

aluminum cathode to enhance particle production. This leaves a gap from 

the graphite top to the top plate of 5.5 cm. The loadlock is not used when 

these experiments are performed. The chamber has 4 cm diameter saphire 

viewports in the aluminum sidewall opposite to each other, as shown in Fig. 

2.4. The view ports were installed in a geometrical configuration that enables 

direct observation of the forward scattered laser light from a suspended 

particle. A specialized rectangular Langmuir probe port has been added to the 

aluminum sidewall ring. The port is located at an angle of 35 degrees 
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referenced to the chamber center from the laser entrance window , as shown 

in Fig. 2.2. The system is pumped to an ultimate pressure of 1E-6 torr using a 

combination turbo pump (Leybold TMP 1000), and a two stage mechanical 

pump (Alcatel). The chamber pressure can be adjusted from 1 millitorr to 1 

torr using a gate valve to manually control the aperture between chamber 

and pump. The pressure is monitored using a capacitance manometer (MKS 

1mTorr-1Torr, PDR-C-2). The system may be used in either the diode or 

triode modes; therefore, the lower electrode and the sidewall ring may be 

powered or grounded as needed. For this series of experiments, the system is 

used in the diode mode; thus the sidewall ring is grounded and the lower 

electrode is powered by a 13.56 MHz radio frequency (RF) generator. The RF 

generator is connected to the system through a matching network that is 

manually adjusted to maximize the power transfer into the discharge. In all 

cases, the reflected power is less than 5% of the forward power. The typical 

range of RF power is 50 to 600 watts. Argon gas is provided to the chamber by 

a gas flowmeter (URS-100). Gas mixing is possible using as many as five gas 

sources feeding into a common manifold. 

2.2 The Optical Scanner/Laser Beam Setup 

Particles are detected in the chamber by laser light scattering, as shown 

in Fig. 2.5, at a forward angle of less than or equal to 5 degrees. The laser is a 

He:Ne laser (Spectra-Physics model 127), with a wavelength of 632 nm and an 

output power of 35 milliwatts. The laser beam is rapidly rastered over an 

angle ranging up to 20 degrees by a galvo scanning mirror (General Scanning 
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Inc. G120D). The rastered plane is parallel to the aluminum RF driven 

electrode so that a plane of suspended particles is illuminated. The size of the 

chamber's viewport limits the maximum usable raster angle to 20 degrees. In 

Fig. 2.6, the scanner and adjacent mirror are mounted on an optical jack 

which can move the rastered laser beam perpendicular to the aluminum 

electrode surface (z- direction). The incoming laser beam is spatially 

manipulated using two beam steering mirrors. The laser forward scattering is 

detected, as shown in Fig. 2.5, using a high resolution 3-chip CCD video 

camera (Sony DXC-750) with a 14X zoom lens and a 2X extender (Cannon 

J14AX85B4). Particle cloud evolution is observed using a video cassette 

recorder (Panasonic PV-S4864). A video image processor is used to produce 

still images from the video tape records. 

2.3 The modified Langmuir probe apparatus 

Through another port in the cylindrical sidewall, a Langmuir probe is 

admitted, shown in cross-section in Fig. 2.7. The probe consists of a tungsten 

collecting tip 0.25 mm in diameter and 10.2 cm long; The majority of this 

conducting tip,lO cm fits snugly inside a 0.6 mm diameter A1203 tube which 

forms the body of the probe. The rest of the tungsten wire (2 mm long) is 

exposed to the plasma, and collects current. The outer end of the Al203 tube 

is wrapped by a 2.5 cm long aluminum tube with 0.8 mm inside diameter and 

a 0.6 cm outer diameter. A 13 MHz RF choke (Coil craft 70-27) is soldered to 

the end of the tungsten wire. The gate and body of a MOSFET transistor in 

series with a 50 pF capacitor at the body are connected in parallel with the 
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choke. To ensure resonance at the above frequency, the gate-body capacitance 

is varied by adjusting the biasing of the drain-source of the MOSFET 

transistor. Also, at the choke-tungsten wire interface, there is attached a 100 

pF capacitor that is connected to a floating aluminum shell (2.5 mm thick), as 

shown in Fig. 2.7. The purpose of the floating aluminum shell/IOO pF 

capacitor combination is to protect the resonating choke/MOSFET circuit 

from the fields in the plasma and to reduce the plasma-probe tip sheath 

capacitance. The other end of the choke is connected to the center conductor 

of a 0.31 cm outer diameter 50 ohm coaxial cable that fits inside a 10 cm long 

macor tube, then through a stainless steel tube which connects to a vacuum 

feed-through coax fitting. The latter is not shown in Fig. 2.7. Outside the 

vacuum, the coax continues and is connected to a parameter analyzer 

(HP4145A). A low pass filter network consisting of a I nanofarad capacitor is 

inserted at the semiconductor parameter analyzer. The purpose of the 

capacitor filter is to protect the semiconductor parameter analyzer from RF 

voltages generated by the system. The probe bias voltage is then generated by 

a semiconductor parameter analyzer which measures the probe current and 

displays the characteristic on the internal display. 

The equivalent circuit of the tuned probe is shown in Figure 2.8 [18]. 

Associated with the probe-plasma sheath is an equivalent capacitance marked 

Cst. For a typical electron number density of lE10/cm3 and an electron 

temperature of 5 eV, the sheath thickness is approximately 0.3 mm, and the 

equivalent capacitance is 0.5 pF, as shown in Fig. 2.8. The capacitance between 

the aluminum shell and the plasma Cs2 is estimated to be about 10 pF which 

is in series with the 100 pF capacitor. In parallel with Cst and Cs2 is a small 
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capacitance Cs3 which is the capacitance between the plasma and the tungsten 

wire via the Al203 tube and associated sheath. Cs3 is estimated to be about 2.5 

pF. Since the probe collects electrons and ions in response to the applied 

probe voltage, there is a finite resistance associated with the sheath, denoted 

by Rs. This resistance is in series with a diode since the sheath will rectify RF 

current flowing through it. These components (Cst, Cs2, Cs3, 100pF and Rs) 

are collectively denoted by an impedance Zsheath. The stray capacitance 

between the probe body and the chamber walls (i.e. ground) is approximately 

5 pF and denoted by Cb. The plasma can be represented by a dc voltage source 

in series with an RF voltage source. The RF choke and the gate-body 

capacitance of the MOSFET transistor that is in series with the 50 pF capacitor, 

in conjunction with Cb, form the resonant part of the probe circuit and have 

an effective impedance of Zseries. 

The probe is moveable in two dimensions, the rand z directions, as 

shown in Fig. 2.9. Also, there is an aluminum screen at the interface between 

the plasma chamber and the mechanical devices which move the probe; this 

screen prevents the plasma from entering the cavity occupied by the 

mechanical devices. 

2.4 Description of The Experiments 

This section describes the method of obtaining I-V probe characteristics 

and the resulting plasma potential, the mapping of the plasma potential, and 

the sheath edge measurements. 
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2.4.1 I-V Probe Characteristics 

The probe is ramped in voltage from -100 Volts to +100 Volts in 2.5 

seconds, and the current collected and corresponding voltage are digitally 

recorded using the parameter analyzer (Hewlett-Packard 4145A). To avoid 

particle contamination, the probe is maintained at -100 Volts during the off 

time, subjecting it to ion bombardment. We observe no perturbation of the 

particle cloud by the presence of the probe. 

2.4.2 Plasma Potential Measurements 

Under the operating conditions stated above, the current (I)-voltage (V) 

probe characteristic shows a distinct knee when the probe is in the plasma 

region of the RF discharge, as shown in Fig. 2.10 and 2.11. We interpret the 

voltage corresponding to that knee to be the plasma potential, Vp =Vprobe(r,z) 

where (r,z) is the location of the probe tip. A sufficiently accurate way of 

locating the knee is to compute the first derivative of the current, dI/ dV, and 

then locate a maximum. The voltage corresponding to the maximum shall by 

definition be the plasma potential V p' Then, V p can be found to an accuracy 

of +-0.5 V. Negatively charged particles [33] should not interfere with the 

measurement of Vp since for Vprobe < Vp the probe is negative with respect to 

the plasma and negatively charged particles will be repelled by the probe. 
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2.4.3 Plasma Potential Mapping 

The plasma potential is mapped for a matrix of points in the r-z plane. 

This is done for 5 mm radial intervals for 0 !:: r !:: 3.5 cm, where r = 0 is the 

center of the wafer, and for 0.5 mm intervals in z from z ~ 1 mm below the 

sheath edge, to z !:: 2.5 mm above the sheath edge where z = 0 is at the wafer 

surface as shown in Fig. 2.4. In most cases considered in this experiment, this 

range of z corresponds to 5.5 mm !:: z !:: 8 mm. The matrix then consists of 48 

mapping points; a probe I-V curve must be measured and stored at each 

point. The time required for the mapping of 48 points is 10 min .. The plasma 

potential at each matrix point is calculated using the first derivative approach 

discussed in section 2.4.1. The software used to process this data is written in 

Microsoft FORTRAN and is recorded in the Appendix. This data was 

originally downloaded from stored files in the parameter analyzer via an 1.0. 

board (IEEE 488). These files were stored in the hard drive of an IBM-PC 

compatible (SAMSUNG computer). 

This and all similar graphs are generated using data from r = 0 to r = 3.5 

cm. Azimuthal was confirmed experimentally, so data will always be 

displayed for r = -3.5 em to 3.5 em. 

2.4.4 Sheath Edge Mapping 

Let z = 0 correspond to the surface of the silicon wafer. We find that 

the I-V probe characteristic displays a knee (or a maximum for dI/ dV) only for 

z ~ 6mm. We interpret this behavior to mean that the plasma region starts at 
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about z = 6mm, while for z < 6 mm, the probe is in the sheath region where 

the phenomenon of electron saturation current (and hence a knee) breaks 

down. Thus using this criterion, it is possible to map the location of the 

sheath-plasma interface. To our knowledge, this is the first time that a 

Langmuir probe has been used to define the plasma-sheath interface. 
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A cross-sectional view of the raised cathode structure 
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Application of the rastered beam scanner to the plasma chamber 
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Experimental arrangements for the tuned Langmuir probe 
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I-V probe characteristics for 0 ~ Vprobe ~ 100 Volts 

38 



I 

CHAPTER 3 

THEORY 

3.1 Langmuir Probe Theory 

The Langmuir probe is used to measure various plasma parameters. 

This electrostatic probe consists of a small metallic conductor immersed in 

the plasma. The probe is attached to a power supply (Figure 3.1) capable of 

biasing it at various voltages positive and negative with respect to the plasma. 

The current collected by the probe provides information about the conditions 

in the plasma. 

Fortunately, under a wide range of conditions, the disturbance caused 

by the presence of the probe is localized, and the presence of the probe has 

little effect on the quantities it is measuring. The probe has one advantage 

over most other diagnostic techniques: it can make local measurements and 

has been used in this way in this dissertation. 

The probe tip (the conductor) can be spherical, cylindrical, or planar. 

The cylindrical probe is used throughout this dissertation because of its ease 

of construction. A sketch of the cylindrical probe's I-V characteristics in a 

steady state discharge is shown in Figure 3.2. The entire curve may be 

obtained in a few milliseconds by sweeping the voltage source rapidly in time. 

The qualitative behavior of this curve can be explained by splitting the I-V 

characteristics into three different regions, as shown in Fig. 3.2, as follows [15]: 
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A. The electron saturation region: At the point Vp, the probe is at the 

same potential as the plasma, called the plasma potential. The electric field 

between the probe and the plasma is zero, and the charged particles migrate to 

the probe by means of their thermal velocities. Because of their small mass, 

electrons move much faster than ions and the probe predominantly collects 

electron current. 

If the probe voltage is made positive relative to the plasma, electrons 

are accelerated to the probe and the ion current is zero. Near the probe 

surface, there is therefore an excess of negative charge which builds up until 

the total charge is equal to the positive charge on the probe. This layer of 

charge, the sheath, is thin, e.g. 1 mm; the surrounding plasma is undisturbed. 

The thickness of the sheath radius is estimated by applying the Child

Langmuir diode space charge equation [40]: 

Ie/sat = i q, ~ 2e (cj>p )~ Ap 
9 me rp f32 

(3.1) 

where Ie/sat is the electron saturation current, Ap is the collecting area of the 

probe, e is the electronic charge, me is the electron mass, V probe is the probe 

potential, (<l>p = Vprobe - Vp), measured with respect to ground, rp is the probe 

radius, and f32 is a known function of rs/rp where rs is the sheath radius. This 

equation relates diode current to diode potential as a function of probe and 

sheath radius. It can, therefore, be used to determine the sheath radius as a 

function of probe potential from experimentally measured values of probe 

current against probe to plasma potential. 
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The electron current is that which enters the sheath through random 

thermal motions. Ideally, the area of the sheath adjacent to the plasma is 

relatively constant as the probe bias is increased; therefore, the slope of the 

electron current is flat. For V probe greater than V p on the other hand, in 

practice, this area increases as the space charge sheath grows about the probe, 

increasing the probe current. At Vprobe = Vp' the electron current, called the 

electron saturation current, is equal to: 

Ap e Ile Ve 
Ie=--:'---

4 (3.2) 

where I1e and Ve are the electron density and velocity respectively [15]. 

B. The transition region: If the probe potential is made negative 

relative to the plasma potential, both electrons and positive ions are collected 

by the probe. The electron current falls as the probe potential decreases. If the 

electron distribution were Maxwellian, the shape of the curve, after 

subtracting the contribution of the ions, is exponential. Finally, at the point 

V f, called the floating potential in Fig. 3.2, the probe is sufficiently negative to 

repel all electrons except a flux equal to the flux of ions, and therefore draws 

no net current. An insulated electrode inserted into the plasma would have 

this potential. 

e. The ion saturation region: At large negative values of the probe 

potential with respect to V p almost all electrons are repelled, and there exists 

an ion sheath and ion saturation current. This is similar to the electron 

saturation current region except for two main dissimilarities. The first 

dissimilarity is the mass difference, which causes a disparity in the absolute 

magnitudes of the currents. Secondly, there is the difference in the sheath 
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formation due to the difference in the electron and ion temperatures. The 

ion saturation current is approximately equal to: 

I 
_ Ap e ni VB 

ion - 4 (3.3) 

where ni and VB are the ion density and Bohm velocity respectively. A much 

better value for the ion saturation current will be given later on in this 

chapter. 

3.1.1 Langmuir Probe in DC plasma 

The original purpose of the Langmuir probe was to diagnose a DC 

plasma by finding the plasma electron and ion densities ni and net the 

electron temperature kTe, and the plasma potential Vp. These parameters 

were originally calculated assuming a Maxwell-Boltzmann electron energy 

distribution [21,35]. For this assumption, the electron current to the probe in 

the transition region is: 

Ap eneVe [eq,.,J Ie = exp-
4 kTe (3.4) 

Then: 

(3.5) 

and the measurement of the slope of the natural log of the probe curve in the 

transition region will allow determination of the electron temperature kTe. 

Then, the electron saturation current Ie,sat is given by 
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'-

I - Ap e ne V 8 k Te 
e,sat - 4 7t me where v: = V8 k Te 

e 7t me (3.6) 

for Maxwellian electrons. Substituting for kTe and solving for the electron 

density ne we obtain: 

(3.7) 

Plotting the I-V probe characteristics on a semi-logarithmic scale, the 

plasma potential Vp is often found from the point of intersection of the 

transition and electron saturation regions (Fig 3.2). The maximum in 

dI(V)/dV also occurs at the plasma potential [36]. 

The above discussion assumes Maxwellian electrons and a plasma 

potential that is defined by an abrupt change in Ie given by (3.2) to either Ie = 

constant= Ie,sat in (3.4) or Ie given by the Child-Langmuir diode equation. 

Since neither of these conditions are met in practice, other techniques will 

have to be found for finding Vp, Te, and ne' These techniques are discussed 

in sections 3.1.3 and 3.1.4. 

The ion collecting portion of the I-V curve can reliably be used to 

obtain the ion density. The ion current as a function of the probe potential 

has been calculated numerically by Laframboise [37] using a numerical 

method technique [17,18,28,37,38]. Laframboise has calculated the ion current 

and concentration assuming Maxwell-Boltzmann electron and ion 

distributions. He gives the ion current lion as: 
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I 'A ~Te ion = 1 P ni e 
27t mi (3.8) 

where i is a dimensionless parameter which is a function of ecpp/kTe and 

depends weakly on rp/A.d where A.d is the debye length and rp is the probe 

radius. A relevant set of curves for i from Laframboise is plotted in Fig. 3.3 

versus the negative of the dimensionless potential ( -ecpp/kTe) with rp/Acl as a 

parameter and under the assumption that the ion temperature Tion « Te. 

Note in Fig. 3.3 that the curves only extend to elPp/kT e = 25, which for a typical 

electron temperature corresponds to a probe voltage of about -60 volts with 

respect to plasma. If there are fast electrons causing a stretching out of the 

probe characteristics around the floating potential, Laframboise's curves must 

be extrapolated to more negative values for comparison with the 

experimental data to avoid using the perturbed region where the probe 

current consists of both electrons and ions. 

The experimental data is fit to extrapolated curves from Laframboise at 

only one point called the "ion offset voltage". This voltage is chosen negative 

enough to avoid the region where there may be an extrapolation of the curve 

due to high energy electrons. Examination of Laframboise's curves for i 

shows that a square root dependence of i on the probe potential is a good 

approximation fol' rp/Acl close to zero. This dependence has been assumed by 

McVittie, et. al. [18]. A better dependence of i on CPp has been proposed by 

Wicker [39] who has assumed a power law dependence of ion elPp/kTe of the 

form: 
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i = a (eq,p)b 
kTe (3.9) 

Using a least squares fit technique with the data in Fig. 3.3, values for a and b 

were calculated [39] and are shown in Table 3.1: 

Table 3.1 

rp/'AcJ a b 

0 1.2315 0.47101 
3 1.3284 0.42922 
4 1.2669 0.38672 

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

slope of a plot of (lion)l/b versus Vprobe. By combining equations (3.8) and 

(3.9), and differentiating (Iion)l/b by CPp, one obtains: 

(3.10) 

and a plot of (lion) 1 /b versus CPp should be a straight line. The parameters a 

and b are determined by the ratio rp/Ad. In our work, rp/Ad <3 in all cases; 

therefore, a fit of the data for rp/Ad =0 is assumed. McVittie, et. al. [18] have 

assumed that parameter b = 0.5 and parameter a = 2/m for rp/'AcJ = 0 (i.e. probe 

radius is much smaller chan Ad) is a good enough approximation for the 

calculation of ni. However, it was found in this dissertation that choosing b = 
0.47101 instead of 0.5 for rp/Ad = 0 gives more accurate values for ni. This was 

verified by checking the ratio of the ion to the electron concentration when 
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using an inert gas (argon). The ratio differed by less than a factor of 2 at all the 

various power and time variations used in this dissertation when b = 0.47101 

was used, while it varied by a maximum ratio of up to 4 in both our work and 

McVittie's when b = 0.5 was used. 

3.1.2 Probe Modifications for RF plasma 

In this dissertation, the parameters discussed above are to be measured 

in an RF discharge. Therefore, some modifications to the probe need to be 

made. The change in potential variation with respect to time across the 

probe-tip sheath region has to be minimized. In an RF discharge, the 

potential across the sheath is: 

L\V(t) = Vp(t)- Vprobe(t) = <vet»~ + vet), (3.11) 

where <V(t» = time average value of !J. Vet) = <V p(t» - <V probe(t)> 

where <Vp(t» is the time average of Vp(t), <Vprobe(t» is the time average of 

V probe, V(t) has no time average; 

also, 

L\ V(t) = [impedance across sheath] x [current flowing through sheath]. 

The impedance across the sheath (Zsheath) is modeled by a time 

varying capacitor C(t)sheath in parallel with a time varying diode that is in 

series with a time varying resistor R(t) as shown in Figure 3.4. 
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The electron current Ie flowing through the sheath consists of the 

following currents: 

Ie = <leW> + leW, (3.12) 

where <leW> = current due to <V(t»i also 

leW = current due to V(t) = <loW> + IO(t) 

where <loW> = time average current due to V(t) and is the error current, 

and loW has no time average. 

The dependence of <leW> on <v probe> will lead to accurate measurement of 

the plasma parameters by the technique discussed above. In order to reduce 

this error, the following current ratio should be minimized: 

(3.13) 

The only way this can be done is by reducing V(t), the voltage across the 

sheath [18-19]. 

McVittie, et. al. [18] have shown that if we assume Maxwellian 

electrons, the time averaged electron current may be expressed as: 

<Ie> = <leW> (l+R) 

= reAp Ile Ve exJ(vprobe) -(vp)) 
4 T 1'\. kTe (3.14) 

where Ve is the electron mean thermal speed, T is the period of the cycle. 

Thus r = l+R >1 in the presence of an RF voltage across the sheath and 

increases with R, but is equal to 1 when R = O. The time average sheath 

potential is given by the difference between <Vprobe> and <Vp>. The time 
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averaged probe potential corresponding to the condition of zero time 

averaged probe current is defined as the floating potential V f of the plasma. 

Equating the expression for <le>= lion, the following relationship for Vf is 

obtained: 

(3.15) 

Thus as the RF voltage across the sheath decreases, r decreases, the apparent 

floating potential increases. 

Since r> 1 in the presence of an RF voltage across the sheath, the 

inferred electron temperature is higher than its true value, while the inferred 

electron number density is lower than its true value [18]. As the RF voltage 

across the sheath increases or r increases, the apparent floating potential 

decreases as can be seen from (3.15). At the true floating potential, the probe 

collects an equal number of electrons and positive ions at all instants during 

the RF cycle. At the apparent floating potential, the probe collects an equal 

number of electrons and positive ions over the period of an RF cycle. Under 

many conditions, the modulation of the plasma potential far exceeds Te (eV). 

Thus the probe may be driven from electron saturation to ion saturation 

during the cycle, and no simple theory can account for the distortion of the 

probe characteristic due to RF interference. 

In order to reduce the voltage across the sheath to minimize the RF 

interference, the ratio [Zsheath/ Zseries] where Zseries represents an RF 

impedance in series with the probe and must have a ratio of less than 0.01. 

Assuming that Zseries is adjustable or tunable, we use the criterion for an 
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optimally tuned probe that Vi in (3.15) is maximized. Then r will be 

minimized. 

The following steps are implemented to accomplish the reduction of 

this ratio: 

1- To maximize Zseries, a resonant LC circuit is placed as shown in Fig. 

3.5. This is accomplished by adding an RF choke in series with the probe as 

shown in Figure 3.5. This choke is selected to resonate near 13.56 MHz. Also, 

the gate and body of a MOSFET transistor in series with a 50 pF capacitor at 

the body are connected in parallel with the choke as shown in Fig. 3.5. To 

ensure resonance at the above frequency, the gate-body capacitor is varied by 

adjusting the biasing of the drain-source of the MOSFET transistor. Adding 

the MOSFET capacitor is necessary if one cannot find a choke that resonates at 

exactly 13.56 MHz. Zseries is then increased to at least one megaohm. 

2- Add a load capacitance which consists of an Al203 tubing that shields 

a good portion of the probe wire. The tubing is surrounded by an aluminum 

cylindrical piece and an aluminum shell piece. The purpose of this shell is to 

stop any field generated by the plasma from perturbing the components of 

tuned circuits and to increase the capacitance between the plasma and the 

probe tip. The aluminum shell is connected to the center conductor through 

a 50 pF capacitor as shown in Figure 3.5. These pieces increase the capacitance 

between the plasma and the probe by about 10 picofarads which reduces 

Zsheath significantly. 

3- Add a coaxial cable in series with the rest of the probe extension to 

shield it from any external signals. This cable guarantees the same impedance 
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at both ends. This step eliminates any undesired stray capacitance caused by 

the lengthy wire at high frequencies which could reduce the value of Zseries. 

4- Tune the RF choke by varying the biasing of the MOS capacitor. The 

probe is optimally tuned when the floating potential is at maximum. This 

means that r is approximately equal to 1 in equation 3.13. 

Now <V probe>, the time-averaged probe potential, which is just the DC 

bias voltage applied to the probe, will yield <I'c> the time-averaged electron 

current with r approximately =1. The total time-averaged current is 

I = <Ie> - lion' A plot of I versus <Vprobe> can now be expected to yield plasma 

parameters with a minimum of error (± lmilliVolt) introduced by the RF 

voltage Vet) in (3.11). 

3.1.3 Necessary Modifications for Plasma 

Parameters Integration 

Having made these modifications to the Langmuir probe, the data 

points obtained from the I-V curves of the modified Langmuir probe are used 

to calculate some of the plasma parameters as follows: 

A. Ion density: The method used by Laframboise to calculate the ion 

density is still valid regardless of the modifications. 

B. Electron temperature and electron distribution function: The 

following method is used. Consider velocity space for electrons in which the 

representative points for velocities of electrons are isotropic about the origin; 

in real space, the points are homogeneous. Let c be a position vector in 
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velocity space with magnitude c. The number dne of points between two 

spheres of radii c and c+dc is 

dne = fc(c) 41t c2 dc (3.16 ) 

where fc(c) is the electron velocity distribution function (EVDF). 

If 

(3.17) 

is the kinetic energy of an electron, dne can also be expressed in terms of a 

modified energy distribution function, fE , as 

In either case, 

n. = 1-f,(c)47tc2de , or 

n. = 1-f,de 

where ne is the homogeneous electron density. 

(3.18) 

(3.19) 

(3.20) 

Define a new quantity f(e), called the electron energy distribution 

function (EEDF), as: 

(3.21) 

then from equation (3.20) 
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r Ye"f(e)de=l 
(3.22) 

Equating (3.16) and (3.18) and using equations (3.21) and (3.17), we see that fe(c) 

and fee) are proportional: 

fe(e) =.!!it. ( me )f fee) 
27t 2 (3.23) 

If the electrons are Maxwellian, 

(3.24) 

(3.25) 

v -~ I (2 k Te) 
where t =V me and Te is the electron temperature. 

Let B = c or e. Averages for these two quantities are: 

(3.26) 

so that 

<c>=,.,J J. r f(e)ede 
(3.27) 

and 
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If fee) is Maxwellian, 

<C>=~8kTe 
7t me and 

(3.28) 

(3.29) 

Let G be the generation rate for electron-ion pairs (pairs/m3/s). Each of the 

dne electrons per m3 with energies between e and e+de will have N Qi(e) c 

ionizing collisions per second, where N is the number density of Argon 

atoms and Qi(e) is the electron-Argon atom ionization cross-section. Thus, 

G = f.- dn. N Q,(E) C 
(3.30) 

G = N ne ,j J
e 

Joo fee) Qj(e) e de 
VI (3.31) 

where equations (3.18), (3.21), and (3.17) have been used and where Vi is the 

ionization potential. 

The electron flux re is expressed in terms of the EVDF: 

r, = f fe(c)(c cos9) dVe 
(3.32) 

where V c = c2sine dcdedcp and is an elementary volume in velocity space 

expressed in spherical coordinates. e is measured from the Cz axis; because of 

the isotropic distribution of electron velocities, the orientation of the Cz axis 

in velocity space will not effect the value of re. From (3.32), 
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r. = f" d~ t dO sinO cosO 1- f,,(c) c'de 

=" 1" f,(e) c' de 

= ne ~ 2 f fee) e de 
4 me 

= ne <c> 
4 

(3.33) 

(3.34) 

(3.35) 

(3.36) 

From equation (3. 36), re is the number of electrons which cross 1 m2 of a 

plane perpendicular to the Cz axis per second from the +cz side to the -Cz side. 

Suppose a cylindrical Langmuir probe of radius rp is inserted into the 

plasma and biased at <V probe>with respect to ground. The time-averaged 

plasma potential is <Vp>. We drop the brackets <> henceforth. In the plasma 

sheath region at r (cylindrical coordinate) from the axis of the probe, VCr) = 
(potential at r with respect to ground) - Vp. Also, yea) = Vprobe - Vp = probe 

potential with respect to the plasma potential. For this discussion, yea) < 0, 

and VCr) <0. VCr) will vary as in Fig. 3.6. Let rs be a measure of the sheath 

thickness with rs « mean free path for any collision, so the sheath is 

collisionless. Assume for r < rs that electron velocities are still isotropic but 

nonhomogeneous, i.e., ne is now a function of r. Let ne(oo) be the electron 

density for r » rs. 

The electron current collected by the probe is: 

Ie = e re(a) Ap (3.37) 

where Ap is the probe area, and re is given by (3.35): 
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re = ne(oo) J 2 100 

f(e) e de 
4 me 

o 

e=1II\ec2 
where 2 as before. 

(3.38) 

For an electron, E, its total energy, is a constant for the electron motion, 

where: 

E =} II\e c2 - e V(r), 

E = e - eV(r) 

V(r) < 0, or 

As /V(r)/ increases, e decreases. 

(3.39) 

Consider the subclass of electrons that originate at r > rs but are 

collected by the probe. For these electrons E ~ -eV(a). At r > rs, e = E. Because 

of the isotropic nature of the electrons, their EEDF is f(e) = f(E), E ~ - eV(a) 

which is identical with f(e), e ~ -eV(a) for all the electrons with l' ~ rs. 

This subclass of electrons at the probe must also have an EEDF which is 

f(e) = f(E) 

f(e) = 0 

E ~ -eV(a) . , 

E < -eV(a) (3.40) 

since E does not change for any electron in the subclass as it travels from r ~ rs 

to r = a. We have 

Ie = e Ap ne~oo) J rite 100 

f(E) (E + eV(a» dE 
-eV(a) 

since de = dE from equation (3.39). H f(E) is Maxwellian, 

(3.41) 
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Ie = e Ap T (c) exp kT 0 • 

(3.42) 

The total current collected by the probe is I = -llioJ + Ie where lion is the ion 

current discussed below. Assuming that I and lion can be measured, then 

Ie = I lion I + I (3.43) 

can be found as a function of V probe. 

We now wish to show that feE) can be found by differentiating Ie versus 

Vprobe. Note that dV(a) = d(Vprobe - Vp) = dVprobe since Vp is a constant. We 

use the following identity: Let [16] 

II = 100 
F( E,V(a» dE 

.(V(l» (3.44) 

then, 

1
00 

du _ iJ F d <p 
dV(a) - iJ yea) dE - d yea) F[<p(V(a»,V)]. 

+(V(a» (3.45) 

Using (3.45) successively, 

dIe = dIe = e Ap ne<oo) ,j 2 [00 feE) dE 
d yea) d Vprobe 4 me 

-oV(a) (3.46) 

d
2 

Ie = e2 A ne(oo) ,j 2 feE) I 
d V2 P 4 me E=-eV(a) 

probe (3.47) 

Of, 
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I d2Ie 
f(e) £ = -eV(a) = C 2 

d Vprobe (3.48) 

where C is the constant that multiplies f(E) in equation (3.47). Also, see Fig. 

3.7. 
. d2 Ie By computmg 2 vs e = -e (Vprobe - Vp), we construct a function 

d Vprobe 

proportional to f(e), i.e. f(e) = C d
2 

Ie (e). To find C, we use equation (3.22) 
d V~robe 

C =[1,- d: Ie (e) .. dE]-1 
d Vprobe 

o ~~ 

E = - e (V probe - V p) (3.50) 

so that f(e) vs E is constructed. 

Once the distribution function has been obtained, the mean electron 

energy <e> is then calculated as 

<e)= f rl f( e) de 
(3.51) 

C: The electron number density ne: ne is then calculated from the 

electron saturation current according to 
4 Ie,sat ne =--..:,...~ 

eAp{Ce } (3.52) 

where <Ce> is calculated from the mean electron energy as follows: 

(C.)= [ v'f;- fi. f(e) de 
(3.53) 
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The EEDF in low-pressure glow discharges is generally quite non

Maxwellian, but quite isotropic. The electron temperature is Te=2<e> /3, 

where <e> is the mean electron energy determined from the EEDF. 

In a electropositive plasma with few contaminant particles, the electron 

and ion concentrations should be almost equal. This is one way to check and 

verify the majority of these calculations. 

D: The plasma potential: The plasma potential is obtained by 

calculating dI/dVprobe along the I-V curve using smoothing techniques along 

with differentiation. As V probe is increased, I and dI/ dV probe both increase 

until dI/dVprobe reaches a maximum [dI/dVprobe]max at Vp (plasma potential). 

This is our criterion for determining plasma potential V. As V probe continues 

to increase, I increases but dI/dVprobe decreases to a minimum, 

[dI/dVprobe]min; thereafter both I and dI/dVprobe increase. This variation of 

dI/dVprobe is shown in Figure 3.B. In the sheath, dI/dVprobe displays neither 

maximum nor minimum, but is monotonically increasing. This step allows 

distinction to be made between the plasma and the sheath. 

3.1.4 Probe Data Processing 

To summarize, in order to determine the plasma potential, the 

electron temperature, and the electron and ion concentrations at any position 

inside the plasma using the above described modified Langmuir probe, the 

following steps are required: 

1- Find a maximum for dI/dVprobe as discussed at the end of the 

previous section. The corresponding voltage is the plasma potential V p. 
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2- Calculate the ion concentration by setting parameter b = 0.5 in 

equation 3.10. The following equation is obtained: 

(3.54) 

Since dlion2 / dV probe is a constant = A, this implies that lion2 = A V probe + B. 

Note that at the plasma potential Vp =Vprobe ,lion2 = 0 and B = -VpA. 

Using this result and equation 3.54, the ion current can be estimated as 

follows: 

(3.55) 

3- Calculate the ion current starting at Vp and ending at -100 Volts 

using the above equation. Since I = lion + Ie, lion < 0, this allows us to calculate 

the electron current in the above region, where I is measured and lion is 

calculated. 

4- Calculate dIe/dVprobe using smoothing. 

5- Calculate gee) = d2Ie/ dV probe2 by differentiating dIe/ dV probe where 

£ = - e (Vprobe - Vp) 

6- Multiply the X-axis by -e. Multiply gee) by £1/2 at every data point. 

Use Simpson's integration techniques to calculate the following integral: 

integral = J.- g( £ ) Ye de 
(3.56) 
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starting at the plasma potential (Vp) and ending -100 Volts. 

7- Calculate the constant C = l/integral. Obtain the distribution 

function fee) by multiplying gee) by c. Plot fee) versus e. If the electron 

distribution is Maxwellian, the semilogarithmic plot should be linear. 

8- Calculate the mean electron energy <e> by multiplying fee) by e3/2 at 

every point, then integrating the following equation using the same limits as 

equation 3.54: 

(e)= J.-ef(e)Ye de 
(3.57) 

9- Calculate the electron temperature kTe using the following 

definition: 

(3.53). 

kTe =2. <e> 
3 (3.58) 

10- Calculate the electron mean thermal speed <Ce> using equation 

11- Calculate the electron concentration ne using equation (3.52) where 

Ie,sat corresponds to Vprobe = Vp. 

12- Finally, recalculate ni by setting b = .47101and a = 1.2315 in equation 

(3.10). 
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3.2 Light Scattering Theory 

Leith [41] gave a concise, first order description of the principles behind 

light scattering that is suitable for use here. If a particle is illuminated from a 

certain direction, it will scatter light in all directions. Intensity of the scattered 

light is proportional to the intensity of the incident light and is a function of: 

particle size, refractive index of the particle, wavelength and polarization of 

the incident light, and angle at which the particle is illuminated. 

When the angle of light scattering is small, the scattered signal is said 

to be in the "forward" direction. Conversely, if the scattering angle is close to 

180 degrees, scattering is said to be in the "backward" direction. Since particle 

size is a strong factor in determining the amount of light a particle scatters, 

particle size in optics is expressed in terms of a size parameter, a. The size 

parameter is defined as the ratio of particle circumference to light 

wavelength: 

a = milA (3.37) 

where A is the wavelength of the illuminating light, and d is the particle 

diameter. If the particle size is not significantly smaller than the size 

parameter a, as is the case for the HeNe laser used and particles detected in 

this dissertation. Then the light scattering used to describe the scattered light 

intensity is called Mie scattering. This type of scattering depends on: size 

parameter, refractive index of the particle, and scattering angle. In this case, as 
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particle diameter increases, scattering in the forward and backward directions 

becomes more pronounced (Figure 3.9). For relatively large particles, a few 

microns in diameter, scattering in the forward direction is dominant. It is 

this fact that greatly influenced the physical design of the rastered beam 

scanner and optical window placement (see figure 3.10). 
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Figure 3.1 

A biased Langmuir probe inserted inside the plasma chamber 
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Figure 3.2 

A sketch of a typical I-V probe characteristic 
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Figure 3.3 

Laframboise's curves: Ion current versus probe potential for various 

ratios of probe radius to electron debye length. 

6S 



66 

Ca.+CWOSFET 

Let.. Rs 
V_ InF Ct. IOOpf' 

Csz 

Cs3 
.....--

LowPoss Z_ Z .... Filler 

Ptasmo 

Figure 3.4 

Langmuir probe equivalent circuit model 

L' 



I 

'. 
I , 

• 

67 
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Figure 3.5 

Experimental arrangements for the tuned Langmuir probe 
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Figure 3.6 

Variation of VCr) with respect to ground 
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Figure 3.7 

Second derivative plot of the electron current versus probe voltage 
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Figure 3.8 

Plasma potential measurement by the first derivative technique 
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Figure 3.9 

Mie scattered light 
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Figure 3.10 

A cross-sectional view of the raised cathode/window structure 
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CHAPTER 4 

RESULTS AND INTERPRETATION 

This chapter describes the results of the measurements when several 

combinations of cathode materials are used. 

4.1 Plasma Potential Mapping 

The plasma potential is mapped above a 50 mm diameter silicon wafer 

target placed on a 100 mm diameter graphite cathode. The plasma is derived 

from argon (Ar). The graphite cathode is placed on the raised aluminum 

electrode as shown in Fig. 4.1. The plasma potential is mapped for 5 mm 

radial intervals for 0 ~ r ~ 3.5 cm, where r = 0 is the center of the wafer, and for 

0.5 mm intervals in z from 5.5 mm ~ z ~ 8.0 mm where z = 0 is the wafer 

surface, as shown in Figure 4.1. Thus there are 48 mapping points where a 

probe I-V curve must be measured and stored requiring 10 min. total 

measurement time. The plasma parameters held constant are: 13.56 MHz 

power = 250 Watts, pressure = 15 mTorr, and argon flow = 20 sccm. The 

plasma potential at each one of these points is calculated using the first 

derivative approach discussed in section 2.4.1. The software used to process 

this data is written in microsoft FORTRAN and displayed in the Appendix. 

This data was originally downloaded from stored files in the parameter 

analyzer via an 1.0. board (IEEE 488). These files were stored in the hard drive 

of an IBM-PC compatible (SAMSUNG computer). Three sets of 48 points 
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were taken during different time intervals where time T = 0 is the time when 

the 250 Watts RF power is applied. The first set is taken from 0-10 min., the 

second from 30-40 min., and the third from 60-70 min. 

The plasma potential V(r,z) for the three sets is shown in Figs. 4.2, 4.3, 

and 4.4. This and all similar graphs are generated by using data from r = 0 to r 

= 3.5 cm, assuming azimuthal symmetry, i.e. symmetry about the z axis, and 

thus obtaining a graph for r = -3.5 cm to 3.5 cm. The validity of assuming 

azimuthal symmetry will be discussed in section 4.5.1. 

In Figure 4.2, for t = 0 - 10 min., it is seen that the plasma is nominally 

at a potential with respect to ground of about 55 volts. However, there are 

two discrete regions where the potential ranges between 61 and 63 volts. 

Using the video camera, these two regions correspond to regions occupied by 

particles. These two regions are shown pictorially in Fig. 4.5. For azimuthal 

symmetry, the outer region corresponds to a ring or halo of particles 

suspended above the circumference of the silicon wafer while the inner 

region is a disk of particles above the wafer center. 

Over the following hour, the ring and disk evolved as indicated in 

Figs. 4.3 and 4.4 and shown pictorially in Figs. 4.6 and 4.7. Fig. 4.3 and Fig. 4.6 

show the set of plasma potential data for 30-40 min. Here, the background 

potential is still 55 volts while the disk is about 62 volts. Also, the disk has 

increased in thickness (z) and in radius (r). The ring has nearly disappeared 

or merged with the disk. Finally, the set of plasma potential data for 60-70 

min. is shown in Figs. 4.4 and 4.7, where the disk has continued to expand in 

rand z. The ring has disappeared. Using the videocamera, the disk region for 

these two sets of data is seen to be occupied by particles. 
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We may call these regions ring and disk traps. When these 

measurements were repeated three different times with the same operating 

conditions, nearly identical results were obtained. 

In all cases, we see that holding r fixed, V(r,z) increases with Z to a 

maximum, and then decreases, recalling that V(r,z) must decrease rapidly in 

the sheath; holding z fixed, V(r,z) increases with r to a maximum and then 

decreases. Thus, there is a potential maximum or maximum for V(r,z) along 

any line drawn through a ring or disk trap region. From elementary 

electrostatics, the electric field configuration giving rise to this potential is an 

electric field which originates within the ring or disk traps on net positive 

charge and ends on negative charge somewhere outside the trap, as shown in 

Fig. 4.8. This electric field configuration is very consistent with the trapping 

of particles if they are negatively charged. There is both theoretical [33] and 

experimental [8] proof that the particles are negatively charged. An electric 

field directed outward from the trap will cause negatively charged particles to 

flow toward the trap. Once within the trap, the electric field will prevent the 

negatively charged particles from escaping. 

Another interesting observation from the above data is the abruptness 

with which the potential changes from the background value of 55 to 62 volts 

within the trap. For example, in the z direction in Figure 4.2, we observe a 

potential change of 5 volts in a distance smaller than 0.5 mm, or an electric 

field that must exceed lE4 V 1m. This intense localized electric field suggests 

that at least over some part of a trap surface, there may be a double layer, i.e., a 

layer of positive charge adjacent to the trapped particles, and a layer of 

75 



I· 

L· 

negative charge nearby (less than 1 mm). This gives rise to an intense electric 

field along the trap surface. 

Referring to Figure 4.5, 4.6, and 4.7, the sheath is about 6.0 mm above 

both the graphite and the silicon, or the sheath follows the topographic 

contour of the surface. For all three sets, the sheath is located between z = 6.0 

mm and 6.5 mm over the 50 mm silicon wafer, but for r > 25 mm (over 

graphite), it lies between z = 5.5 mm and 6.0 mm, decreasing by about the 

thickness of the wafer. 

In summary, many contributions have been discussed in this section. 

First, traps are characterized by the plasma potential being 5 volts larger than 

the surrounding plasma. The boundaries of these traps are well defined by a 

sudden increase in the plasma potential at the boundary. Traps start near the 

plasma sheath interface and elongate toward the pump-out port over time. 

Secondly, this is the first time that the plasma-sheath interface has been 

tracked using a Langmuir probe. Thirdly, it is the first time that anyone has 

reported that the sheath follows the topographic contour of the surface. 

4.2 Trap/Particles Correlation 

So far the traps associated with silicon on graphite have been 

characterized by their plasma potential. This section discusses how they are 

characterized by particles using the laser system discussed in Section 2.2. 

At T = 0, the plasma potential is measured in the region that 

corresponds to a trap. Two seconds are required to obtain an I-V curve. 

Another measurement followed 15 seconds later in a region that is outside a 
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trap. These measurements resulted in a plasma potential 5 Volts higher in 

the trap zone than outside of it. We conclude that the plasma potential 

within the trap is established in less than two seconds. 

However during this time, no particles were detected in the trap region 

using the laser system. After about 15 seconds, one or two large particles were 

observed in the trap region. Plasma potential measurements were repeated 

30 seconds later in both regions. The interpretation of the results showed, 

once again, the 5 Volts potential difference between the two zones. More 

large particles were observed during the next few minutes within the trap 

region; measurements were repeated every 30 seconds for 5 minutes, and no 

change in the plasma potential difference was observed. 

In about 10 min., a red glow is observed in the disk shaped and ring 

shaped regions, as shown in Fig. 4.9. This glow indicates that the number of 

small particles has increased in density in the trap to where they scatter 

sufficient laser light that can be seen and photographed. Note that the plasma 

potential map shown in Fig. 4.2 for time t = 0-10 min., shows the boundaries 

of the trap region, and it is these trap regions where all the particles are 

observed. 

We conclude that the traps are system generated, and particles flow 

into them slowly over time. 

At T = 30 min., the plasma potential measurements show that the ring 

has disappeared, and the disk trap has a diameter which approaches 50 mm, 

and a thickness of several millimeters. Visually, light scattering from 

particles corresponding to the trap appear as an inverted funnel with the apex 

of the funnel pointing toward the top ground plate. 
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At T = 60 min., visually, the funnel trap has become elongated and the 

apex has nearly reached the top plate where a pump-out port is located. In all 

cases, the trap is 5 Volts higher in plasma potential than the surrounding 

plasma. The absolute values of these potentials do not change over time. 

In summary, this Section shows that traps are system generated. They 

attract particles to them slowly (tens of minutes) over time. Large individual 

large particles are observed within seconds; a glow of small particles, is 

observed within ten minutes. We believe that small particles are present at 

early times, but are so few that light scattering creates too weak an image to be 

seen or photographed. 

As the trap fills, particles distort the trap boundary such that the ring 

disappears and the disk evolves into an inverted funnel which in turn 

evolves toward the pump-out port. 

4.3 Positive Ion Concentration (nj), Electron Concentration 

(I1e), and Electron Temperature (Te) Mapping 

The positive ion and electron concentration and electron temperature 

of all the 48 points of the three sets of data (for the three times) discussed in 

Section 4.1 are calculated using the probe data processing approach discussed 

in Section 3.1.4. The software used to process this data is also written in 

Microsoft FORTRAN and displayed in the Appendix. 

The method used to calculate the ion concentration values for the 48 

points is explained in steps 1 through 12 of Section 3.1.4. The ion 

concentration curves for the three times are displayed in Figs. 4.10, 4.11, and 
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4.12. These and all similar graphs are also generated by using data from r = 0 

to r = 3.5 em, assuming azimuthal symmetry, and thus obtaining a graph for r 

from -3.5 to 3.5 em. Also, z is mapped from 5.5 to 8 mm. 

In Figs. 4.10 through 4.12, the ion concentration increases in the z 

direction, i.e. toward the body of the plasma, as expected from the classical 

plasma theory [42]. A ~ypical value for the ion concentration under the 

conditions of the experiment is 1.5E15/m3, for z = 7 mm. In general, the ion 

concentration is constant in r during the time period 0 - 10 min .. During 30 -

40 min. (Fig. 4.11) and 60 - 70 min. (Fig. 4.12), there appears to be a decrease of 

0.1 - 0.2 E15/m3 in ni within the trap, but this variation is within the error of 

measurement, which is 0.2E15/m3. The numerical error resulting from the 

calculation of the ion current is highly dependent on the values used for the 

parameters a and b in equation (3.8), as has been discussed in Section 2.4.3. 

On the other hand, there is a significant change over time in the values 

of the electron concentration and the electron temperature inside the trap 

compared to outside the trap or in the body of the plasma. The electron 

concentration in the first ten minutes after the discharge ignition is constant 

in r, or uniform above both the silicon and the graphite, as shown in Fig. 4.13. 

The electron concentration is calculated using steps 1 through 11 of Section 

3.1.4. A typical value for Ile at z = 7 mm above the wafer is 0.8E15/m3. This 

value agrees with the ion concentration value to within 50%. This factor of 2 

error is typical of the error in measuring ne. 

After T = 30 - 40 minutes, the electron concentration decreases 

significantly within the trap region to about half of its value at T = 0, as 
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shown in Fig. 4.14. The values of the electron concentration outside the trap 

remain the same as those values obtained during the period T = 0 -10 min .. 

For T = 60 - 70 minutes, the electron concentration within the trap 

region decreases to about 75% of their values at T = 0-10 min, as shown in Fig. 

4.15. The values of Ile outside the trap remain the same as those for T = 0 - 10 

min. It is also noted that as the trap grows radially (r) and vertically (z) over 

time, the region of electron concentration decrease follows the boundary of 

the trap. 

The explanation for the decrease of the electron concentration within 

the trap is that the trap attracts negatively charged particles into it. As time 

progresses, the trap fills with negatively charged particles. In order to 

maintain charge quasi-neutrality, i.e. the concentration of positive charge in 

the trap almost equals the concentration of negative charge, the concentration 

of ions in the trap must nearly equal the concentration of electrons plus the 

concentration of charge associated with particles in the trap, ni" (Q/ e)np + Ile, 

where np is the concentration of particles per cubic meter and (Q/ e) is the 

number of electronic charges on a particle. Therefore, the concentration of 

electrons decreases as time progresses as particles start accumulating in the 

trap. 

The electron temperature behaves oppositely to the electron 

concentration over time. The values of the electron temperature, obtained 

using the procedure discussed in steps 1 through 9 of section 3.1.4, are random 

over the mapped region during the time T = 0 - 10 min., as shown in Fig. 4.16. 

A typical value for the electron temperature is 6.2 eV for the power and gas 

flow conditions of this particular experiment. There appears to be a 
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fluctuation of ± 1 eV about 6.2 eV throughout the 48 points evaluated. This 

fluctuation is identified with the error of measurement, which is ± 1 eV. 

At T = 30 - 40 minutes, the electron temperature starts to increase in the 

trap region, as shown in Fig. 4.17. Values for the electron temperature are as 

large as 8.5 eV. The value of the electron temperature stays constant outside 

the trap at an average of 6.2 eV. For T = 60 - 70 minutes, we see in Fig. 4.18 

values as large as 10.2 eV for the electron temperature in the trap region 

while an average of 6.2 eV is maintained outside the trap region. 

The reason the electron temperature increases by about 3 eV in the trap 

is that as particles flow into the trap, recombination of electron-ion pairs 

increases within the trap. But since ions cannot flow into the trap because of 

the direction of the electric field, as shown in Fig. 4.8, the ions that recombine 

must be generated within the trap. Thus, generation of electron-ion pairs 

within the trap G (electron-ion pairs/m3/sec) must be equal to or greater than 

R, the recombination rate, which has the same units as G. Since G is due to 

electron-neutral ionizing collisions, G can only increase if T e increases. This 

is exacerbated by ne decreasing as the trap fills, i.e., fewer electrons are causing 

increased numbers of electron-argon ionizing collisions. Thus, Te must 

certainly increase within the trap. Both G and R are calculated below where 

we expect that G > R. 

Nowlin and Carlile [33] have derived the equations for the electron-ion 

pair recombination within the trap. Let 

(4.1) 
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where a is called the charging parameter, and m+ and T + are the ion mass and 

temperature respectively. Then, a parameter y' can be found empirically 

from a: 

y' = 0.57 + 0.41 (In a) + 0.04 (In a )2. (4.2) 

The charge Q on a particle of radius a can be found from y' 

Q = 4 7t Eo a (k: e) y' (4.3) 

where a is the particle radius and £0 is the permittivity of free space. Also, 

1= I1e[-/8Jee ] a2 ,yk :e exp -y' (4.4) 

where I is the number of electron-ion pairs that recombine on one particle per 

second. Thus, 

R = np I pairs/m3/sec (4.5) 

where np is the number of particles per m3 present in the trap. 

If we use the decrease in the electron concentration (~ne) from inside 

to outside the trap as shown in Fig. 4.15, we can estimate np using equation 

(4.3) and the following relation: 

(4.6) 

From Figs. 4.12 and 4.15, within the trap, ne = 0.3E15/m3, ni = 

1.5E15/m3, and ~ne= 0.9E15/m3. Also, from Fig. 4.18, Te = 9 eV. Then from 

Eqs. (4.1) and (4.2) a = 7.28, and y' = 1.54, and from equation (4.3) Q = 1.69E-15 

82 



coulombs. From Eq. (4.4), 1= 9.46 E6 electron-ion pairs that recombine on one 

particle/sec, and from Eq. (4.6), np = 4.2E5 particles/cm3. Finally, R = 4 E12 

electron-ion pairs/ cm3 / sec. 

The generation rate G is obtained from Eq. (3.31) in Section 3.1.3. In the 

trap region, this is calculated to be G = 1.25E15 electron-ion pair/cm3/sec. This 

value of G is three orders of magnitude greater than the recombination rate 

so that G > R as expected. Therefore, it verifies that Te increases in the trap 

region due to the increase in recombination due to an influx of particles into 

the trap. 

4.4 Plasma Potential Mapping of Various Combinations 

of Target Materials on the Driven Electrode 

In this Section, we have mapped the plasma potential at T = 0 - 10 min., 

unless otherwise specified, for a 100 mm disk of material A on the driven 

electrode with a 50 mm (unless otherwise specified) disk of material B 

centered on it. The material B disk has a thickness b. The plasma parameters 

are 13.56 MHz power = 250 watts, pressure = 15 mTorr, and argon flow = 20 

sccm. 
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4.4.1 Silicon (B) on Silicon (A) 

The thickness of the 50 nun silicon wafer is b = 0.5 mm. The plasma 

potential is mapped for 5 mm radial intervals for 0 S r S 3.5 em, where r = 0 is 

the center of the wafers, and for 0.5 mm intervals in z from 7 nun S z S 10 

mm where z = 0 is the 100 mm wafer surface, as shown in Figure 4.19. The 

plasma potential at each of these points is calculated using the first derivative 

approach discussed in Section 2.4.1. 

The plasma potential V(r,z) for the set is shown in Fig. 4.20 and 

displayed pictorially in Fig. 4.19. This and all similar graphs were generated 

by using data from r = 0 to r = 3.5 em, assuming azimuthal symmetry. 

In Figure 4.20, it is seen that the plasma is nominally at a potential with 

respect to ground of about 57 volts. However, there is a discrete region where 

the potential is about 63 Volts. Using the videocamera, this region 

corresponds to the region occupied by particles. Since this particle system has 

azimuthal symmetry, this region corresponds to a ring or halo of particles 

suspended above the circumference of the 50 nun silicon wafer. Also, note in 

Fig. 4.20, that there is a step in the sheath edge levitated 6.5 mm above the 

topographic step on the electrode. The step in the sheath is about 0.5 mm 

which is about the same as b. Also, note that the variation in the plasma 

potential has an extent in z of 3 mm into the plasma starting from the sheath 

edge. This is an example of a topographic step on the driven electrode 

creating a trap. 
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4.4.2 Stainless Steel (B) on Silicon (A) 

The stainless steel (304) disk is 25.4 mm in diameter and b = 1 mm 

thick. The plasma potential is shown in Fig. 4.22. The time that the plasma 

potential is measured is 30 - 40 min. The value of the plasma potential 

outside the trap is about 56 Volts on the average. The trap region containing 

particles has higher plasma potential that extends more than 4 mm in z into 

the plasma. The value of the potential in the trap is about 60 Volts on the 

average. 

Figure 4.21 shows pictorially the trap and the contour of the sheath 

region. For this set of data, the sheath is located between z = 5.5 mm and 6.0 

mm over the 1 inch stainless steel disk, but for r > 12.5 mm (over silicon), it 

lies between z = 5.0 mm and 5.5 mm, decreasing by about the thickness of the 

disk. Referring to Figure 4.21, the sheath follows the topographic contour of 

the surface. 

The trap is bowl or dome shaped over the stainless steel disk. 

4.4.3 Aluminum (B) on Silicon (A) 

The plasma potential of a b = 3 mm thick aluminum disk placed on a 

thick 100 mm silicon wafer is displayed in Fig. 4.23 where the view is into the 

plasma from the sheath and in Fig. 4.24 where the view is toward the sheath 

from the plasma. The value of the plasma potential outside the trap region of 

particles is 43 volts on the average. The trap region of particles is of higher 
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plasma potential and extends to 3 mm into the plasma. The value of the 

potential within the trap is 58 to 61 volts. 

Figure 4.25 shows pictorially the trap and the contour of the sheath 

region. For this set of data, the sheath is located between z = 8.0 mm and 8.5 

mm over the aluminum target, but for r > 25 mm (over silicon), it lies 

between z = 6 mm and 6.5 mm, decreasing by about 2 mm. Note here that 

even thought the topographic step is 3 mm, the sheath step is 2 mm only. 

The sheath still qualitatively follows the topographic contour of the surface. 

This configuration creates yet another unique shape of trap; it 

resembles an inverted bowl. 

4.4.4 Silicon (B) on Aluminum (A) 

The plasma potential of a b = 0.5 mm thick silicon wafer placed on a 0.5 

mm thick 100 mm aluminum disk is displayed in Fig. 4.26 where the view is 

from the sheath toward the plasma and in Fig. 4.27 where the view is from 

the plasma toward the sheath. There are three distinct regions of different 
"~. 

plasma potential in this experiment. The value of the plasma potential in the 

region that corresponds to the plasma body is 56 volts on the average. The 

trap region containing particles is at about 59 to 62 volts. It extends 3 mm in z 

into the plasma. It is T shaped or mushroom shaped. In between these 

regions, at 6.5 mm ~ z ~ 8.5 mm and 1.5 cm ~ r ~ 2.5 CIn, there was a region at 

53 volts which is a potential minimum. This is the only instance in which 

we have seen a potential minimum. It corresponds to a region of net 

negative charge and would expell particles. 
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Figure 4.28 shows pictorially the trap and the contour of the sheath 

region. For this set of data, the sheath is located between z = 5.5 mm and 6.0 

mm over the entire cathode showing no detectable variation over the 

topographic contour on the cathode. This is probably due to the unique 

combination of target materials. 

4.5 Other Issues 

4.5.1 Symmetry 

The plasma potential for a 0.5 mm silicon wafer on a graphite cathode 

is mapped for 5 mm radial intervals for -2.5 em ~ r ~ 2.5 cm, where r = 0 is the 

center of the wafers, and for 0.5 mm intervals in z from 5.5 mm ~ z ~ 8 mm 

where z = 0 is the 4 inch wafer surface, as shown in Figure 4.29. The plasma 

potential at each of these points is calculated using the first derivative 

approach discussed in section 2.4.1. The data is taken for time T = 40 - 50 min .. 

All the other parameters remain the same as for the other experiments. It is 

seen that symmetry in r exists within the experimental error (± 0.5 volts). 

This experiment verifies symmetry of the trap above the wafer surface 

to within .5 Volts. 
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4.5.2 Plasma Potential for a Bare Aluminum Electrode 

When the graphite and silicon wafer are removed, so that the RF 

driven electrode is bare aluminum, no particles are observed. The plasma 

potential is mapped for 5 mm radial intervals for 0 em S r S 3.5 cm, where r = 
o is the center of the wafers, and for 0.5 mm intervals in z from 5.5 mm S z S 8 

mm where z = 0 is the 4 inch electrode surface. The plasma potential is 

nearly constant with (r,z) as shown in Fig. 4.30. The plasma potential at each 

point is calculated using the first derivative approach discussed in section 

2.4.1. The plasma parameters remain the same as for the other experiments. 

4.6 Electron Energy Distribution Function (EEDF) 

The shape of the electron energy distribution function (EEDF) in an 

argon plasma is plotted versus the electron energy in the trap region shown 

in Fig. 4.31 and in the region outside the trap shown in Fig. 4.32. Fig. 4.31, and 

Fig. 4.32 show the normalized second derivative d2Ie / d V probe2 versus 

electron energy E. The second derivative of the electron current is directly 

proportional to the EEDF as discussed in Section 3.1.3. Outside the trap in Fig. 

4.32, the EEDF resembles a Maxwellian distribution with a truncated tail since 

the slope obtained from the semi-logarithmic plot is linear from E = 5 eV to 25 

eV but the EEDF then decreases rapidly with E for E > 25 eV. Inside the trap in 

Fig. 4.31, EEDF is not very linear; therefore, it is not Maxwellian. There is an 
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error in calculating EEDF for the range £ = 0 to 5 eV. This is due to the 

method used in calculating the second derivative of the electron current 

(d2Ie/dVprobe2), and is corrected by doing a lin~ar extrapolation of log(EEDF) 

as shown in Figs. 4.31 and 4.32. Thus, the EEDF was used to calculate the 

electron temperature in the plasma accurately as discussed in Section 3.1.1. 
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Figure 4.1 

Schematic representation of the driven RF electrode and trapped particles. 
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Figure 4.2 

Plasma potential of an argon plasma for 0 - 10 min. after initiation 

of the 250 Watts discharge 
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Figure 4.3 

Plasma potential of an argon plasma for 30 - 40 min. after initiation 

of the 250 Watts discharge 
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Figure 4.4 

Plasma potential of an argon plasma for 60 - 70 min. after initiation 

of the 250 Watts discharge 
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Potential maximum/sheath edge of an argon plasma for 30 - 40 min. 

after initiation of the 250 Watts discharge 
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Figure 4.7 

Potential maximum/sheath edge of an argon plasma for 60 - 70 min. 

after initiation of the 250 Watts discharge 
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Description of a stable trap 
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Figure 4.9 

A photo of the particles shaped in a ring and a disk structure 
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Ion Concentratiol1 at 250 Watts 
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Figure 4.10 

Ion concentration of an argon plasma for 0 - 10 min. after initiation 

of the 250 Watts discharge 
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Ion Concentration at 250 Watts 
at Time = 30-40· min. 
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Figure 4.11 

Ion concentration of an argon plasma for 30 - 40 min. after initiation 

of the 250 Watts discharge 

100 



I· 

~ . 

Ion Concentration at 250 Watts 
at Time = 60-70 min. 
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Figure 4.12 

Ion concentration of an argon plasma for 60 - 70 min. after initiation 

of the 250 Watts discharge 
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Figure 4.13 

Electron concentration of an argon plasma for 0 - 10 min. after initiation 

of the 250 Watts discharge 
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Electron Concentration at 250W 
at Time = 30-40 min. 
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Figure 4.14 

Electron concentration of an argon plasma for 30 - 40 min. after initiation 

of the 250 Watts discharge 
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Figure 4.15 

Electron concentration of an argon plasma for 60 - 70 min. after initiation 

of the 250 Watts discharge 
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Figure 4.16 

Electron temperature of an argon plasma for 0 - 10 min. after initiation 

of the 250 Watts discharge 
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Figure 4.17 

Electron temperature of an argon plasma for 30 - 40 min. after initiation 

of the 250 Watts discharge 
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Figure 4.18 

Electron temperature of an argon plasma for 60 - 70 min. after initiation 

of the 250 Watts discharge 
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silicon target in an argon plasma for 0 - 10 min. at 250 Watts 
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Figure 4.20 

Plasma potential of a 2" silicon target on a 4" silicon target 

in an argon plasma for 0-10 min. at 250 Watts 
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Figure 4.22 

Plasma potential of a stainless steel collector in an argon plasma 

for 0 - 10 min. at 250 Watts 
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Figure 4.23 

Plasma potential of a 2" aluminum disk on a 4" silicon wafer in an argon 

plasma for 0 - 10 min. at 250 Watts pointing from the sheath into the plasma 
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Figure 4.24 

Plasma potential of a 2" aluminum disk on a 4" silicon wafer 

in an argon plasma for 0 - 10 min. at 250 Watts pointing 

from the plasma toward the wafer 
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Figure 4.26 

Plasma potential of a 2" silicon wafer on a 4" aluminum disk in an argon 

plasma for 0 - 10 min. at 250 Watts pointing from the sheath into the plasma 
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Figure 4.27 

Plasma potential of a 2" silicon wafer on a 4" aluminum disk 

in an argon plasma for 0 - 10 min. at 250 Watts pointing 

from the plasma toward the wafer 
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EEDF in an argon discharge 
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CHAPTERS 

DISCUSSION AND SUMMARY 

5.1 Summary 

Several workers have observed dense clouds of contamination 

particles in RF generated plasmas suspended within the plasma region but 

near the sheath adjacent to an RF driven electrode [13,14]. They appear to 

occupy a bounded volume within the plasma region, to which in this work 

we have called a particle trap or simply trap. The traps have been observed to 

have exotic shapes: rings, domes and disks. 

Until now the electrical properties of the traps have been unknown. In 

this dissertation, measurements of the plasma potential within and in the 

region surrounding these traps have been described, and thereby show that 

the modeling of RF plasmas that has been done to date is incomplete, and 

that users of etch equipment may find that traps can cause etching 

nonuniformities on the wafer. 

The experiments were performed in a sputtering argon plasma within 

a modified Tegal MCR-l plasma etch system. Using a system similar to that 

of Selwyn et. al. [9], a laser beam, rastered in the plane parallel to the RF 

electrode surface, derived from a He-Ne laser and whose height is adjustable, 

allows particles within the etch chamber to be illuminated and video

recorded and displayed with a high resolution Video-camera/VCR system. 

The instrument by which the electrical properties were measured is a tuned 



" 

I . 

123 

Langmuir probe. With this device, the plasma potential with respect to 

ground, positive ion concentration, electron energy distribution function 

(and hence electron average energy or temperature), and electron density 

were measured. The collecting tip of the Langmuir probe is moveable in two 

dimensions, which allows these quantities to be mapped in a plane. 

Initially, on the driven electrode there is placed a 100 mm graphite 

disk, 0.5 cm thick; on this disk is placed a 50 mm silicon wafer. The system 

parameters are: 13.56 MHz power: 250 watts; argon pressure: 15 mTorr; argon 

flow: 10 sccm. Time (T) zero is the time when the RF power is applied. The 

results which were discussed and illustrated are: 

1. At T = 0, a ring - shaped trap and disk shaped trap are found. These traps 

are characterized by the plasma potential being 5 volts larger than the 

surrounding plasma. The boundaries of these traps are well defined by a 

sudden increase in the plasma potential at the boundary. Both traps are 

within the plasma but at the plasma-sheath interface. The ring is above the 

circumference of the silicon wafer; i.e. 50 mm in diameter; the disk is 

suspended above the center of the wafer, has a diameter less than 50 mm and 

a thickness which is about 1 mm. At T = 0, the traps contain no particles. 

They are entirely characterized by the plasma potential. The establishing of 

the plasma potential character of a trap occurs within one second of the 

initiation of the RF power. Furthermore, the plasma potential is very 

repeatable as long as the system parameters remain unchanged. 
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2- After about 10 seconds, one or two large particles are observed within a 

trap. In about ten minutes, the trap regions are observed to produce a red 

glow, indicating the presence of many small particles. 

3- At T = 30 minutes, the plasma potential measurements show that the ring 

has disappeared, and the disk trap has a diameter which approaches 50 mm, 

and a thickness of several mm. Visually, the trap appears as an inverted 

funnel with the apex of the funnel pointing toward the top ground plate. 

4- At T = 60 minutes, the funnel trap has become elongated and the apex has 

nearly reached the top plate where a pump-out port is located. In all cases, the 

trap is at 5 volts higher in plasma potential than the surrounding plasma. 

The absolute values of these potentials do not change over time. 

The traps contain a potential maximum with respect to the 

surrounding plasma. Poisson's equation dictates that a trap must be a region 

of net positive charge with the electric field being directed outward in all 

directions from a trap. Since the particles are negatively charged, they would 

be accelerated into a trap and confined there by the electric field. 

The trap is then a localized region of net positive charge with the 

electric field directed outward in all directions from it. The trap is system 

generated and not particle generated. The particles fill the trap slowly 

(minutes), and can modify its boundaries and its characteristics. 

For time T = 0 - 10 min., It was found that the ion concentration, ni, the 

electron concentration, ne, and the electron temperature, Te, are spatially 
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uniform, and do not show any measurable change across a trap boundary. 

Furthermore, as the trap starts to fill with particles, within the trap region, ni 

shows a small measurable decrease compared to outside the trap; lle shows a 

significant decrease, and Te shows a significant increase. The electron 

concentration inside the trap decreased by about 75% over a period of one 

hour as the particles fill it up. lle decrease because negatively charged particles 

are filling the trap and charge neutrality must be obtained, i.e. ni = ne + np' 

We have calculated np = 4.2E5 particles/cm3 for .2 J.Lm particles at 60 min. 

The electron temperature increases by an average of 3 eV inside the region of 

the trap because recombination of electrons and ions on the particles is 

increasing. Generation of electron-ion pairs must always equal or exceed 

recombination within a trap. Hence, as the trap fills, Te must increase. 

Other combinations of materials were tried on the driven electrode. It 

was found that each combination produces its own unique trap configuration, 

and they are all different from each other. However, they have in common 

that the potential within the trap is always larger than the surrounding 

plasma; the change in potential is material dependent and ranges from a few 

volts to 20 volts. Furthermore, a topographic change on the driven wafer is 

capable of creating a trap, e.g., a 50 mm silicon wafer on a 100 mm silicon 

wafer produces a ring trap above the topographic discontinuity. 

Another significant result of this work is that it was found that the 

Langmuir probe is capable of tracking the plasma-sheath interface. It was also 

found that the sheath has a topographic height change which follows the 

topographic height change of material on the wafer. 
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APPENDIX 

PROGRAM POTENTIAL 

C THIS PROGRAM FINDS THE FIRST DERIVATIVE OF THE I-V 
C CURVE. THIS LEADS TO FINDING THE PLASMA POTENTIAL 

DIMENSION A(401 ,2),DY(401),DDY(401) 
DIMENSION OUT(401,2),X(401),Y(401) 

C L IS THE NUMBER OF SMOOTHING POINTS 
C L = 10 WORKS BEST, L = 5 WORKS FOR INDISTINCT KNEE 

L=lO 
C N IS THE NUMBER OF I-V POINTS 

N = 401 

C READ THE DATA INPUT FILE 
OPEN (1, FILE = ' ') 
DO 50 I = 1,N 

50 READ(I,*) (A(I,J),J=1,2) 
CLOSE (1) 

C X HOLDS THE VOLTAGE VALUES 
C Y HOLDS THE CURRENT VALUES 

DO 60 I = 1,N 
X(I) = A(I,I) 

60 Y(I) = A(I,2) 

C CALCULATE THE FIRST DERIVATIVE 
CALL DERIV(X, Y,N,DY,L) 
OPEN(2,FILE=' ',STATUS='NEW') 

C STORE THE FIRST DERIVATIVE INTO AN OUTPUT MATRIX 
DO 70 I=I,N 
OUT(I,I) = X(I) 

70 OUT(I,2) = DY(I) 

C WRITE OUT MATRIX ONTO FILE 2 
DO 80I=1,N 

80 WRITE(2, *) (OUT(I,J),J=1,2) 
CLOSE (2) 

END 
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SUBROUTINE DERIV(X,Y,N,DY,L) 
C FINDS THE FIRST DERIVATIVE OF THE CURRENT WITH RESPECT 
C TO THE VOLTAGE 

DIMENSION X(401), Y(401),DY(401) 
C AL IS TOTAL NUMBER OF POINTS 

AL = 2*L + 1 

C INITIALIZATION 
DO 10 K=L+ I,N-L 
SXY = O. 
SX = O. 
SY = O. 
SX2 = O. 

C EXECUTE FROM THE ENDS OF THE DIFFERENTIABLE POINTS 
DO 20 JK=K-L,K+L 
SXY = SXY + X(JK)*Y(JK) 
SX = SX + X(JK) 
SY = SY + Y(JK) 

20 SX2 = SX2 + X(JK)*X(JK) 

10 DY(K) =(SXY-SX*SY/AL)/(SX2-SX*SX/AL) 

C EXECUTE THE REST OF THE POINTS 
DO 30 IN =1,L 
DY(N + I-JN) = DY(N-L) 

30 DY(JN)=DY(L+l) 

RETURN 
END 
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PROGRAM EEDF 

C THIS PROGRAM FINDS THE ELECTRON ENERGY 
C DISTRIBUTION FUNCTION 

DIMENSION A(401,2),DY(401),DDY(401),OUT(40I,2) 
DIMENSION X(401), Y(40I),XN(40I), YN(401) 
DIMENSION DYI(401),F(401), YNN(401), YNNN(40I) 

DIMENSION OUTI(401,2), YI(40I),OUT1(401,2) 
DIMENSION CURION(40I),ELCUR(40I), XNI(40I) 

L = 10 
C LI IS THE NUMBER OF POINTS USED TO DETERMINE THE SECOND 
C DERIVATIVE. 

L1 = 5 
N = 401 

C M IS THE NUMBER OF POINTS USED TO FIND THE SLOPE THAT 
C DETERMINES THE ION CONCENTRATION (-100 VOLTS TO 0 VOLTS) 

M = 200 

C Al AND B ARE THE ION CONCENTRATION PARAMETERS. 
Al = 1.2315 
B = 0.47101 

C READ THE INPUT FILE (ORIGINAL I-V DATA) 
OPEN (1, FILE = ' ') 
DO 50 I = 1,N 

50 READ(I,*) (A(I,J),J=I,2) 
CLOSE (1) 

C ENTER THE PLASMA POTENTIAL CALCULATED IN THE MKNEE 
C PROGRAM 

WRITE(*, *) 'ENTER VPLASMA' 
READ(*, *) VPL 

C IPPL IS THE NUMBER OF POINTS FROM -100 VOLTS TO PLASMA 
C POTENTIAL (VPL) 

IPPL = (vpL+ 100)*2.0 
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C COpy THE INPUT FILE INTO X AND Y 
DO 60 I = I,N 
X(I) = A(I,I) 

60 Y(I) = A(I,2) 

C DETERMINE THE ION CONCENTRATION BASED ON B = .5 
OPEN(5,FILE=' ',STATUS='NEW') 
DO 170 I = I,M 
X(I) = A(I,I) 

C YI(I) IS THE ION CURRENT SQUARE 
170 YI(I) = A(I,2)**(2) 

C FIND THE DERIVATIVE OF THE PROBE CURRENT 
CALL DERIV(X, YI,N,DYI,L) 

C AVERAGE THE DETERMINED SLOPES 
SUM =0.0 
DO 180 I =1,M 

180 SUM = SUM + DYI(I) 
SLOPE = SUM/M 

C STEPS TO CALCULATE THE ION CONCENTRATION 
POWER = «-SLOPE)**(0.5»*6.478E-13 
STEP = Al *(3. 14159*1.0E-6) 
DENOM = STEP * «1.6E-19)**(1.5» 
CONlON = POWERIDENOM 
WRITE(5,*) 'ION CONCENTRATION =',CONION 
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C CALCULATE THE CONSTANT THAT DETERMINES THE ION CURRENT 
CT = -«DENOM*CONION)**2)/(6.478E-13**2) 
WRITE(5,*) 'A= ' ,CT 

C CALCULATE THE ION CURRENT 
DO 22 I = I,IPPL 
CURION(I) = -«CT*(X(I)-VPL»**(O.5» 

C CALCULATE THE ELECTRON CURRENT 
ELCUR(I) = Y(I) + CURION(I) 

C ERROR REJECT IF ELECTRON CURRENT IS NEGATIVE 
IF (ELCUR(I) .LT. 0) THEN 
ELCUR(I) = 0.0 
ENDIF 

22 WRITE(5, *) X(I),CURION(I),ELCUR(I) 
C SET ELECTRON CURRENT EQUAL TO Y(I) 



I· 

I . 

DO 23 1= IPPL+l, N 
23 ELCUR(I) = Y(I) 

CLOSE(5) 

C EEDF FILE TO BE USED IN THE NPRM PROGRAM 
OPEN(6,FILE=' ',STATUS='NEW') 
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C CALCULATE THE DERIVATIVE OF THE ELECTRON CURRENT VERSUS 
C THE PROBE VOLTAGE. 

CALL DERIV(X,ELCUR,N,DY,L) 
C CALCULATE THE SECOND DERIVATIVE OF THE ABOVE VARIABLE 

CALL DERIV(X,DY,IPPL,DDY,Ll) 

C WRITE THE VOLTAGE X(I), SECOND DERIVATIVE DDY(I), AND 
C ELECTRON CURRENT Y(I) INTO A MATRIX. 

DO 11 I=I,IPPL 
OUT(I,I) = X(I) 
OUT(I,2) = DDY(I) 
OUT(I,3) = Y(I) 

11 WRITE(6, *) OUT(I,1),OUT(I,2),OUT(I,3) 
CLOSE(6) 

END 

SUBROUTINE INTEG (X, Y,N ,AREA) 
C SIMPSON'S RULE INTEGRATION TECHNIQUES 

DIMENSION X(401), Y(401) 

SUM =0.0 

DO 10 I =2,N-l 
10 SUM = SUM + Y(I)*(X(I + 1) - X(I» 

AREA = SUM + 0.5 * Y(I)*(X(2)-X(I» +0.5*Y(N)*(X(N)-X(N-l» 

RETURN 
END 
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SUBROUTINE DERIV(X, Y,N,DY,L) 
C METHOD USED TO DETERMINE THE FIRST DERIVATIVE 

DIMENSION X(401), Y(401),DY(40l) 

AL = 2*L + 1 

DO 10 K=L+1,N-L 
SXY = O. 
SX = O. 
SY = O. 
SX2 = O. 

DO 20 IK=K-L,K+L 
SXY = SXY + X(JK)*Y(JK) 
SX = SX + X(IK) 
SY = SY + Y(IK) 

20 SX2 = SX2 + X(JK)*X(JK) 

10 DY(K) =(SXY-SX*SY/AL)/(SX2-SX*SX/AL) 

DO 30 IN =1,L 
DY(N + I-IN) = DY(N-L) 

30 DY(IN) =DY(L+ 1) 

RETURN 
END 
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PROGRAM PARAMETERS 

C THIS PROGRAM CALCULATES THE PLASMA PARAMETERS (NI,NE,TE) 

DIMENSION SDR(401,3),DY(401),DDY(401),OUT(401,2) 
DIMENSION X(401), Y(401),XN(401), YN(401),DYI(401) 
DIMENSION YNN(401), YNNN(40 I),F(40 1) 

DIMENSION OUTI(401,2),YI(401),OUTl(401,2),XNl(401) 

L=1O 
Ll = 1 
N = 401 
M = 200 
Al = 1.2315 
B = 0.47101 

C ENETER THE PLASMA POTENTIAL AND THE ELECTRON SATURATION 
C CURRENT 
C THE VALUE OF THE CURRENT AT THE DETERMINED PLASMA 
C POTENTIAL 

WRITE(*, *) 'ENTER PLASMA POTENTIAL' 
READ(*, *) VPL 
WRITE(*, *) 'ENTER ELECTRON SATURATION CURRENT' 
READ(*, *) SA TI 
IPPL = (VPL+ 100)*2.0 

C OPEN OUTPUT FILE NUMBER 6 FROM THE NPRMI PROGRAM 
OPEN(l,FILE = ' ') 
DO 50 I =1,IPPL 

50 READ(I, *) SDR(I,I),SDR(I,2),SDR(I,3) 
CLOSE(I) 

C RENAME THE VOLTAGE AND THE SECOND DERIVATIVE 
DO 60 I = I,IPPL 
X(I) = SDR(I,I) 

60 DDY(I) = SDR(I,2) 
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C CALCULATE THE MEAN ELECTRON ENERGY AND THE ELECTRON 
C TEMPERATURE AND THE ELECTRON CONCENTRATION 

DO 9 I = 1,IPPL 
XN(I) = (X(I)-VPL)*(-1.609E-19) 
XNl(I) = - (X(I)-VPL) 

9 YN(I) = (XN(I)"''''0.5) '" DDY(I) 

CALL INTEG(XN, YN ,IPPL,AREA) 
CT = 1.01 AREA 

DO 99 I = 1,IPPL 
F(I) = (CT"'DDY(I) 
YNN(I) = F(I)"'(XN(I)"'*1.5) 

99 YNNN(I) = F(I)*XN(I)"'«2/9.1E-31)**0.5) 

OPEN(6,FILE=' , ,STATUS='NEW') 
CALL INTEG(XN, YNN,IPPL,A VG) 
TE = 2*AVG/(3*1.609E-19) 
WRITE(6,*) 'MEAN ELECTRON ENERGY =' ,AVG/1.609E-19 
WRITE(6,*) 'ELECTRON TEMERATURE =',TE 
CALL INTEG(XN, YNNN, IPPL, SPEED) 
ELCON = (4*SATI)/(1.609E-19*(3.14159*lE-612.0)"'SPEED) 
WRITE(6, *) 'AVERAGE ELECTRON SPEED =' ,SPEED 
WRITE(6, *) 'ELECTRON CONCENTRATION =' ,ELCON 

C RECALCULATE THE ION CONCENTRATION USING B = .47101 
DO 170 I = I,M 
X(I) = SDR(I,l) 

170 YI(I) = SDR(I,3)**(lIB) 
CALL DERIV(X, YI,IPPL,DYI,L) 
SUM = 0.0 
DO 180 I =l,M 

180 SUM = SUM + DYI(I) 
SLOPE = SUM/M 
POWER = «-SLOPE)"'*B)*6.478E-13 
STEP = Al *(3. 14159* 1.0E-6) *«TE) * "'(O.5-B» 
DENOM = STEP * «1.6E-19)**(1 + B» 
CONLON = POWERIDENOM 

WRITE(6, *) 'ION CONCENTRATION =' ,CONlON 
CLOSE (6) 
END 
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SUBROUTINE INTEG (X, Y,N,AREA) 
c INTEGRATION ROUTINE USING SIMPSON'S RULE 

DIMENSION X(401), Y(401) 

SUM =0.0 

DO 10I=2,N-l 
10 SUM = SUM + Y(I)*(X(I + 1) - X(I) 

AREA = SUM + 0.5 * Y(I)*(X(2)-X(I» +0.5*Y(N)*(X(N)-X(N-l» 

RETURN' 
END 

SUBROUTINE DERIV(X, Y,N,DY,L) 
C DERIVATIVE ROUTINE USED IN PREVIOUS PROGRAMS 

DIMENSION X(401),Y(401),DY(401) 

AL = 2*L + 1 

DO 10 K=L+l,N-L 
SXY = O. 
SX = O. 
SY = O. 
SX2 = O. 

DO 20 JK=K-L,K+L 
SXY = SXY + X(JK)*Y(JK) 
SX = SX + X(JK) 
SY = SY + Y(JK) 

20 SX2 = SX2 + X(JK)*X(JK) 

10 DY(K) =(SXY-SX*SY/AL)/(SX2-SX*SX/AL) 

DO 30 IN =1,L 
DY(N + I-JN) =DY(N-L) 

30 DY(JN) =DY(L+ 1) 

RETURN 
END 
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