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ABSTRACT 

Particle contamination and etch depth on silicon wafers etched 

in SF6/Ar and CF4/02/Ar plasmas are examined as a function of five 

critical plasma parameters using response surface methodology. The 

explored plasma parameters are 13.56 MHz RF power, 100 KHz wafer 

electrode power, pressure, process gas flow rate, and etch time. 

The experiments are conducted in a modified Tegal MCR-1 single 

wafer reactor operated in the triode mode. In both chemistries, 

particle contamination is a predictable function of the externally 

controlled plasma parameters. Particle deposition and etch depth 

have a linear dependence on 13.56 MHz RF power, 100 KHz power, and 

etch time. Also, the particle deposition and etch depth have 

quadratic dependence on process gas flow rate. In the pressure 

range explored, particle deposition on the wafers is independent of 

pressure. In addition, in each chemistry, the behavior of particle 

deposition and etch depth are similar suggesting that the 

mechanisms might be analogous. In the SFo/Ar case, Auger and EDX 

chemical analysis of the particles reveal the presence of silicon, 

fluorine, oxygen, sulfur, and aluminum. In the CF~/021 Ar case, 

particles contain only silicon with carbon and oxygen on the 

surface. 



CHAPTER 1 

INTRODUCTION 

The microelectronic industry invests significant amounts 

of time and money into reducing particle contamination in 

clean rooms and in process equipment. Due to the development 

in clean room technology, experts believe that equipment and 

processing contributes about 50% of all particulates in the 

clean room while people contribute about 20-30% [1]. Particle 

contamination can severely effect device and circuit yield, 

performance and reliability [2]. It was estimated that 50% of 

current device yield loss is due to contamination [3]. 

Recent light scattering [4,5] experiments have shown that 

particles form in specific regions of the plasma reaction 

chamber with various commonly used chemistries 

[2,6,7,8,9]. These particles range in size from less than 

O .,-.- to tens of microns and represent a source of 

contamination to the wafer being processed. Particles are 

trapped normally at the sheath edge and laterally at different 

material interfaces forming a particle ring above the edge of 

the wafer and a disk shaped particle region above the center 

of the wafer [4,5,10]. The number and size of particles in 
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the cloud are both substrate and plasma chemistry dependent 

[7]. Once the plasma is turned off these particles may have a 

tendency to fall onto the wafer. Particles have been seen in 

SF6 and CF4 plasmas by laser light scattering during the 

etching of silicon wafers [7]. 

studies have been conducted by counting the particles on 

wafers. However, what is lacking in most cases, in these 

studies is the presence of the plasma. Even when the plasma is 

turned on, only inert gases are used. 

In one study, particle deposition in a TiN deposition 

system was i~vestigated while the plasma is turned on [11]. 
, 

Particle deposition was not effected by sputter power, 

pressure, and wafer temperature. However, process gas 

composition, deposition time, and substrate bias have a 

pronounced effect on particle deposition. Particle count: 

dependence on time is linear. Also, they found that plasma 

turn-on and turn-off regions do not cause bursts of particles 

on the wafer. 

In another study, Budwitt et al [12] studied particle 

deposition in a triode mode etch system using 13.56 MHz RF 

(plasma on) and no RF (plasma off) method. In both cases the 

100 KHz power is off. When the RF method is used, helium is 

used as the process gas without any reactive gas additives. 

They found that particles generated while the plasma is 
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turned-on are 5 times greater than without plasma. The defect 

levels on patterned test wafers also exhibited linear 

relationship with particle contamination levels on unpatterned 

wafers. 

It is important for microelectronic applications to study 

the nwnber of trapped and untrapped particles in the plasma 

that deposit on the wafer. Particles on spot count wafers 

obtained by pump and vent operations but without plasma may 

have no relationship to particle count under operating 

conditions [13]. To date, the number of particles deposited 

on the wafer due to practical plasma processes has not been 

systematically investigated. 

This work investigates particle contamination and etch 

depth on unpatterned (semi-patterned for etch depth) silicon 

wafers in SF6/Ar and CF4/02/Ar plasmas as a function of five 

critical plasma parameters using response surface methodology. 

Particles deposited on silicon wafers and the etch depth of 

the silicon wafer surface are measured with the variations of 

1) 13.56 MHz RF power of 100-500 watts, 2) chamber pressure of 

20-140 mTorr, 3) process gas total flow rate of 20-120 SCCM, 

4) 100 KHz electrode power of 5-25 Watts, and 5) etch time of 

5-25 minutes. The reactive process gases, that is CF4/02 and 

SF6 , were diluted in Ar with a ratio of 1: 4. For each 

chemistry, this study results in data for particle count and 
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etch depth. 

The experiments are conducted in a modified Tegal MCR-1 

single wafer reactor operated in the triode mode. In this 

configuration, 13.56 MHz RF power is coupled to the 

cylindrical side electrode and 100 KHz power is coupled to the 

wafer electrode. 

Statistical analysis is performed on the experimental 

data and plots of particle count and etch depth dependence on 

process parameters are produced. In both chemistries, particle 

count and etch depth are linearly dependent on 13.56 MHz RF 

power, 100 KHz power, and etch time. Also, the particle 

deposition and etch depth have quadratic dependence as a 

function of process gas flow rate. In the pressure range 

explored, particle deposition on the wafers is independent of 

pressure. In addition, in both chemistries, the behavior of 

particle deposition and etch depth is similar, thus suggesting 

that the mechanisms might be analogous. Particle deposition on 

the wafer is produced while the plasma is turned on, thus the 

wafers are exposed to the full effect of plasma particle 

contamination. 

For the same percentage of CF4/0Z in Ar as SF6 in Ar, 

under similar processing conditions, CF4/0Z produces less 

particles than SF6 • However, silicon etch rate in CF4/0Z is 

much lower than in SF6 • As a result, for the same amount of 
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silicon etched, CF4/02 plasma generates more particles. 

The region in parameter space where acceptable etch depth 

(or etch rate) and lower particle count exists is different 

for each chemistry. For the SF6/Ar plasma, the optimum region 

of operation for low particulate to etch depth ratio is at any 

13.56 MHz RF power (high power is used only to obtain high 

etch depth), high flow rate, low 100 KHz power, and short 

time. For the CF4/02/Ar plasma, the optimum region of operation 

for low particulate to etch depth ratio is low 13.56 MHz RF 

power, any 100 KHz power (preferably high for high etch 

depth), low flow rate, and, of course, short time. 

For both chemistries, the preferred operating time is 

short. Also, the optimum 13.56 MHz RF power operating region 

is at low power, unless obtaining high etch rate is an 

absolute necessity, then high power may be required. However, 

flow rate and 100 KHz have a significantly different effect on 

the ratio of particle count and etch depth. The differences 

between the etching and particle formation mechanisms may be 

responsible for this behavior. 

In the SF6/Ar case, Auger and EDX chemical analysis of 

the particles reveal the presence of silicon, fluorine, 

oxygen, sulfur, and aluminum. For CF4/02/Ar etching, particles 

contain only silicon with carbon and oxygen on the surface. 

There are two points that should be stressed. The first 
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is the large number of particles that have been deposited on 

a 100 mm silicon wafer (of the order of 104). This number is, 

in fact, controllable according to the percent of SF6 in the 

etch gas mixture. In this study, the mixture is 20% SF6 and 

80% Ar. We could make the particle count much less by reducing 

the percent of SF6 • We deliberately wanted around 10,000 

particles to minimize our measurement error. However, even 

with an order of magnitude reduction in SF6 percentage (or 

CF4/02), the number of particles deposited on the wafer is very 

large. Thus, the goal of 0.05 defects (particles) per cm2 that 

has been projected [14] seems remote. 

Secondly, for the cases studied here, particle deposition 

is a unique function of parameter space. It is predictable as 

is etch rate. This presents the possibility of locating a 

region of parameter space where particle count is low but etch 

rate is satisfactory. 

This dissertation consists of six chapters. Chapter one 

is the introduction. 

Chapter two describes the apparatus utilized in this 

work. A chemistry section summarizes the main known reactions 

that occur in such plasmas. A brief description of the 

principal of operation the Tencor 364 optical particle counter 

and Auger Electron Spectroscopy are presented. 

Chapter three describes the statistical designs and 
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analysis utilized in this study. Since this information is 

scattered in the literature, it was determined that such a 

summary is beneficial for the reader and also serves to make 

this dissertation self contained. 

Chapter four presents the results of particle 

contamination, etch depth, and etch rate statistical analysis. 

Models describing the behavior of particle contamination and 

etch depth in S~/Ar and C~/02/Ar as a function of 13.56 MHz 

RF power, pressure, flow rate, 100 KHz power, and time are 

developed. The analysis utilizes tables and graphs to 

demonstrate the behavior of particle contamination and etch 

depth represented by the model. 

Chapter five provides an interpretation of the results 

and their statistical analysis. Reasons for the behavior of 

particle deposition, etch depth, and etch rate are proposed. 

Finally, in chapter six the main conclusions of the study 

are summarized and future work is proposed. 



CHAPTER 2 

APPARATUS 

The etching system used in this study is a Tegal MCR-1 

single wafer etch system with load-lock as shown in 

Figure 2.1. This system consists of a single wafer parallel 

plate plasma chamber, a 13.56 MHz power generator, a 100 KHz 

power source, a turbo molecular pump with control unit, a 

motor driven gate valve and control unit, two rotary 

mechanical pumps, a temperature control unit, a load-lock 

apparatus, an electronically controlled mechanical wafer 

transport mechanism, and a set of five mass flow controllers 

(MFC) and their digital control unit. A description of the 

system components follows. 

2.1 Chamber 

The chamber consists of a 100 mm single wafer etch 

reactor with asymmetric parallel plate electrodes and a 

cylindrical sidewall electrode as shown in Figure 2.2. All 

electrodes are of aluminum and are electrically isolated from 

each other by ceramic (Maycor) rings. The sidewall electrode 

contains twelve permanent magnets distributed evenly around 
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the chamber. The magnetic field is used to reduce 

recombination on the sidewall electrode, so that for other 

parameters being constant, the electron and ion densities 

within the plasma will increase. 

This chamber can operate in both diode and triode modes. 

In the diode mode, 13.56 MHz power for the parallel plate 

reactor is capacitively coupled through the bottom electrode. 

The top and side electrodes are grounded and separated from 

each other and the bottom electrode by insulating ceramic 

rings. In the triode mode (called Triode I by Tegal Corp.), 

13.56 MHz power is capacitively coupled to tpe sidewall 

electrode while 100 KHz power is directly connected to the 

wafer (bottom) electrode. The top electrode is grounded as in 

the diode mode. Wafer and sidewall electrode diameters are 10" 

and 8" , respectively. The top and bottom electrode separation 

is 4". The wafer is surrounded by a removable ceramic guard 

ring. 

2.2 13.56 MHz RF Power Source 

The system is equipped with an RF (Radio Frequency) 

generator (ENI model HF-1) which delivers a 13.56 MHz signal 

into a 50 ohm transmission line. Since the plasma presents a 

complex impedance, a matching network is inserted between the 

chamber and the generator. The matching network can be 

adjusted to match the plasma load impedance to the 50 ohm 
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result the reflected power is minimized. The 

forward power range is from 100 to 500 Watts. The function of 

this power source is to control the electron and ion densities 

within the plasma, and then the radical densities. 

2.3 100 KHz Power Supply 

A lower frequency power supply (100 KHz) is used in the 

triode mode configuration. This power supply can be connected 

to the wafer electrode or the sidewall electrode depending on 

the reactor configuration mode. In this study (for the Triode 

I mode), 100 KHz is connected to the wafer electrode. The used 

range of the 100 KHz output power is 5 to 25 watts. The 

function of this power source is to control the energy with 

which the ions bombard the wafer surface. 

2.4 Flow Control of Gases 

Gas bottles are stored in the core area of the clean room 

and gas lines are fed through the wall to a group of 5 mass 

flow controllers (MFC). Process gas flow rates are set using 

mass flow controllers (unit Instruments model 1000). The 

MFC's outputs go into a mixing manifold leading into the 

chamber. Before entering the chamber the gas is passed through 

a 0.02 ~m filter. Gas enters the chamber through six orifices 

symmetrically distributed around the ceramic ring defining the 

chamber bottom. Gas is pumped out of the chamber through the 
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top electrode. Gases used are of 99.997% high purity grade. 

The mass flow controller (MFC) is a precise instrument 

that measures the gas flow rate by counting the number of 

molecules of gas passing through it. The MFC's are interfaced 

with a digital control unit that enables controlling the flow 

rates. The flow rate in each MFC is displayed on a digital 

readout. Each MFC is calibrated for a specific gas; 

therefore, when a different gas is used the meter reading has 

to be converted to the actual flow rate. Each MFC has a 

maximum flow rate for the calibrated gas. The display reading 

represents the percentage of the maximum flow rate for each 

MF.C. 

Appendix B in Smadi's masters thesis [15] explains the 

procedure of converting the flow rate readout from the 

calibrated gas flow rate to the flowing gas flow rate. This 

appendix also provides a list of the conversion factors for 

commonly used gases. 

2.5 pumping system 

This system utilizes two rotary mechanical pumps and a 

turbo molecular pump. One mechanical pump (Leybold Trivac) is 

used for roughing the loadlock while the second pump (Alcatel) 

is for backing the turbo molecular pump. The loadlock pump 

uses regular hydrocarbon oil while the process pump uses 

special fluorocarbon oil (Krytox or Fomblin) . The fluorocarbon 
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oil does not react or decompose d~e to interactions with the 

process gases or the by-products of the plasma. 

The system utilizes a Leybold TMP-1000C turbo molecular 

pump. This pump is connected on top of the plasma chamber. The 

TMP-1000C is equipped with a N2 purging port to prevent pump 

damage due to corrosive gases. A motor driven variable gate 

valve is inserted between the turbo pump and the chamber. 

The typical chamber background pressure is in the 10-5 

Torr range. Background pressure is measured by an ion gauge. 

Chamber pressure is measured 'Iii th a capacitance manometer (MKS 

Type 227A) connected at the top of the chamber. Pressure is 

adjusted to the desired setting by the motor driven gate valve 

located between the turbo pump and the chamber, as shown in 

Figure 2.1. 

The process pump outlet is exhausted in a way to prevent 

the back streaming of moisture into the pump. This is 

accomplished by allowing the pump exhaust to bubble through a 

jar of diffusion pump oil. 

2.6 Chamber Temperature Control 

Cooling or heating of the bottom electrode is permitted 

by the flow of a cooling or heating medium into the bottom 

plate. Therefore, temperature of the bottom electrode can be 

controlled. 
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The system is equipped with water cooling and heating 

apparatus. The bottom electrode has a water jacket through 

which a temperature-controlled water-based medium flows. 

Temperature of the water based medium can be set anywhere in 

the range of -15 to 99 aC. The temperature of the medium is 

indicated on a digital readout. The medium used depends on the 

temperature range desired. In this study, tap water is used. 

Oil must be used for temperatures above 90 aC and ethylene 

glycol for temperatures below 5 aC. 

2.7 Wafers 

Samples are clean unpatterned 100mm (4") diameter p-type 

silicon wafers of <100> orientation and resistivity of 15 n

cm. Unpatterned silicon wafers are used to facilitate particle 

counting without the complications of pattern features. 

2.8 Chemistry 

'rhe chemistries utilized in this study were SF6/Ar and 

CF4/02/Ar. 

2.8.1 SF6/Ar 

SF6 is an effective chemistry for silicon etching and 

provides a selectivity of silicon to silicon dioxide greater 

than 30:1 [16]. According to Plumb and Ryan [17], SF6 
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reacts with a bombarding electron (e) resulting in SF6"' SFs", 

SFSf SFs+, SF4 , F, F", and F2 • Also, ions observed in this 

chemistry include SF6 +, SFs +, SF/, SF3 +, SF2 + and SiF3 + [16]. 

The main etch reaction is fluorine ions and radicals reacting 

with silicon to form SiF4 : 

4 F + si --- SiF4 

SiF4 is volatile and gets pumped out of the chamber. SiF3+ has 

also been observed as an etch product [16]. 

2.8.2 CF4/0Z/Ar 

CF4/02 is the classical chemistry for silicon etching with 

reasonable selectivity to silicon dioxide. Coburn and winters 

[18] have reported that the dissociative process in a CF4 

plasma produces primarily CF3 +, CF3, F, CF3"' F. The negative 

ions do not contribute to etching of silicon since the sheath 

potential prevents them from reaching the wafer. However, CF3 

radicals and CF3 + ion react readily with clean silicon. CF3 + 

will dissociate on impact with the wafer surface into carbon 

and fluorine [18]. Also, Ryan and Plumb [19] reported the 

presence of species like CF3 , CF2 , CF, F and F". The role of 

argon is to enhance these reactions, clean surfaces of 

polymers, and provide energy to the surface to promote surface 

reactions. The addition of oxygen results in reactions between 

oxygen and carbon. The products of such reactions are co, CO2 , 
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COF and COF2 [19,20,21]. 

As in the SF6/Ar case above, fluorine ions and radicals 

react with silicon to form SiF4 which is volatile and is 

pumped out of the chamber. 

2.9 Tencor 364 Surfscan 

The Tencor 364 is an optical particle counter utilizing 

a laser beam to detect the presence of particles. A HeNe laser 

light source is scanned across the surface of the wafer and 

the integrated backscattered light is monitored. The presence 

of a particle causes the scattered light intensity to rise. 

The increase in scattered light intensity can be correlated to 

the size of the particle by prior calibration against the 

scattering cross-section of latex spheres of known size. 

After calibration, using data from a series of tests 

characterizing latex spheres of various diameters, statistical 

bins are setup grouping detected particles into known sizes. 

Particle cross-sections as low as 0.2 um2 (diameter of 0.35 

um) can be measured. 

In this study, the Tencor 364 was calibrated using wafers 

measured on the Tencor 5500 available at Sematech Corp, 

Austin, Texas. Known particle sizes were deposited of these 

wafers and measured on the calibrated Tencor 5500. Then, these 

wafers were measured on the Tencor 364. The output of the 
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Tencor 364 was adjusted to make both instruments read similar 

size and particle count. 

2.10 Auqer Electron Spectroscopy (AES) 

When photons, electrons, or ions incident on a surface 

with sufficient energy create a core hole through ionization, 

surface atom is raised to an excited state [22]. Atomic 

relaxation occurs through the emission of x-rays or Auger 

electrons (AE) which are characteristic of the energy levels 

and atoms involved. Characteristic Auger transitions can be 

observed for all elements with three electrons or more. The 

energy of the AE is independent of the excitation source and 

is only dependent on the exited atom. 

Typically, an electron beam is focused to a small spot 

size on the sample. The AE transition is a small feature 

sitting on a large signal of inelastically scattered 

electrons. Therefore, the data is presented in the dN(E)/dE 

format as a means of enhancing the Auger signal. 

The shallow escape depth of an AE as a function of energy 

gives AES its surface sensitivity. For typical electron beam 

energies of up to 2 KeV, the escape depth is a few monolayers. 

Hence, combining the surface sensitivity with ion sputtering, 

depth profiles of the elemental composition of a sample can be 

generated. Generally I the AES detection limit is 0.1 to 1 
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atomic percent, or 1018 to 1019 atoms/cm3 in silicon. 

In this study, AES is used to determine the composition 

of plasma generated particles. Also, sputtering of the 

particles and the silicon substrate are performed to reveal 

the composition of the bulk of the particle and to determine 

if the particle surface and bulk are different. 
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Current Density for the 13.56MHz 

Current Density for the 100KHz 

Figura 2.2 Tegal MCR-1 single wafer chamber in triode mode 
configuration. 100 KHz is connected to wafer electrode and 
13.56 MHz is connected to the sidewall electrode. 



CHAPTER 3 

STATISTICAL EXPERIMENTAL DESIGN 

The characteristics of particle contamination and etch 

depth are explored using statistical experimental designs 

[23,24] and modeled empirically by response surface 

methodology [25,26]. statistical experiment design ensures 

that multi-parameter space is uniformly explored with a 

minimum number of trials. This chapter summarizes the methods 

utilized in this study. 

3.1 Response Surface Methodology 

Response surface methodology (RSM) is a set of techniques 

used to empirically study the relation between one or more 

responses and the input variables. Empirical models such as 

first and second degree polynomials can approximate the 

relationship between a response and the input variables over 

a selected region of interest. Usually, the relationship is 

either complex or unknown and the empirical approach is 

necessary. 

Response surface methods are employed before, during and 

after regression analysis of the data. Preceding the analysis, 

the experiment must be designed and the experimental factors 
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and the response variables must be determined. Factors are the 

processing conditions that are presumed to influence the 

values of the response variable. Quantitative factors can be 

studied at various levels of that factor. Here, level means 

the settings or the amounts of the input variables. 

3.2 Second-Order Model 

The second order model is selected to represent the 

response of particle contamination and etch depth as a 

function of the external parameters of the plasma. Linear, 

quadratic, and interaction effects are represented in the 

second order model. For a statistical design to fit a second 

order model it must have at least three levels for each 

factor. In this study, the design used for fitting a second 

order model is the uniform-precision central composite 

rotatable design (CCD). 

3.2.1 Central composite Design 

The central composite design (CCO) in k variables 

consists of the following sets of points [25]: 

1) A two level factorial arrangement (2k or suitable 

fractional factorial, like 2k
-
m

) of coordinates (XI' x!, Xl' 

••• , X k ) = (2:1,2:1".,2:1) forming the kIlo sided "cube" part 

of the design. 
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2) 2k axial points with coordinates (x" x2 ' x3 , ... , 
xk ) = (.:tCt , 0 , 0, •• , 0) , ( 0 , .:to!, •.. , 0) , •.• , (0, 0 , 0, .•. ,.:to!) 

forming the star part of the design. These points are 

pushed outward at the center of the cube faces. O! 

determines the outward distance from the face of the cube 

to the point and will be discussed in the sections below. 

3) no center points at (x" x2 , x3 , • • • I xk ) = ( 0 , 0 , 0, . . . , 0) . 

The total number of design points is n=2k+2k+n(l for a complete 

factorial or n=2~m+2k+no for a fractional factorial. 

For 5 variables the design consists of 32 points. First, 

sixteen points are formed by a half fractional factorial (2 5
-') 

of five variables with coordinates at the vertices (corners) 

of a five dimensional "cube" . Second, ten (2*5) axial points 

are formed with coordinates pushed outward at the center of 

the "cube" faces. The distance between the faces of the IIcube ll 

and the axial points is the same as the distance between the 

faces and the center of the "cube". These points are referred 

to as the star part of the central composite design. Third, 

six center points are located at the center of the IIcube ll
• The 

six center points are used to estimate the pure experimental 

error and the quality of fit of the models. 
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3.2.2 Rotatable Designs 

One class of second-order central composite designs is 

the rotatable design [24]. In rotatable designs, the variance 

of the predicted response, ~, at some point is a function of 

the point distance from the center and not a function of 

direction. A central composite design is made rotatable by 

selecting a= (M) 1/4, where M is the number of points in the 

factorial part of the design. 

For a five variable rotatable design with 16 fractional 

factorial points, a is equal to 2. This results in a design 

with five points equally spaced, which are called the levels 

of scaled Xii Le. the scaled Xi = -2, -1, 0, 1, and 2. 

3.2.3 Uniform Precision 

Proper choice of the number of central points can make 

the design uniform precision [24). In a uniform precision 

design the variance of ~ at the origin (center of the cube) is 

equal to the variance of ~ at unit distance from the origin. 

A uniform precision affords more protection against bias in 

the regression because of the presence of third-order and 

higher terms in the true surface. 
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3.3 Regression Analysis 

Regression analysis estimates the effect of several 

factors on the behavior of some measurable response variable. 

The response variable is the dependent variable and the 

influencing variables (factors) are the independent or the 

regressor variables. Data generated by an experimental design 

can be analyzed using least squares regression analysis which 

determines the model coefficients by minimizing the residuals 

variance. Residuals are the difference between the model 

prediction and the experimental data. 

3.3.1 Mathematical Representation of Response Surface 

Given a set of k independent factors or variables, XI' X~, 

... , Xk , it is assumed that there exists a second order 

mathematical function, Y, representing the response variable 

which is a function of the independent variables [23,26]. This 

function represents the response variable as a function of the 

input variables. The response function Y consists of a 

constant coefficient (80 ), linear terms (XI' ... , pure 

quadratic terms (X12, ••• , Xk
2), and cross terms, (XI *X~, ••• , X~ 

I*Xk ). The second order response equation is given by [25], 

The coefficients for the linear terms, Xi' are written as 



39 

k k k k 

Y=Bo+L BiXi+L BiiX;+L L BijXiXj+e 
i=1 i=1 i j>i 

(3. i) 

Bit for the quadratic terms, Xj2, the coeff icients are wr i tten 

as Bji , and for the cross terms Xi*Xj are written as Bjj , where i 

and j are between 1 and k, and i is less than j. The residual 

is c. 

For five variables, the model is, 

Y = Bo + 

B1 *X1 + B2 *X2 + B 3*X3+ B4 *X4 + Bs*Xs + 
22222 

Bll *X1 + B22 *X2 + B33 *X3 + B44 *X4 + BS5 *Xs + 
B12 *X1 *X2 + B13 *X1 *X3 + B14 *X1 *X4 + B1S *X1 *Xs + 

B23 *X2 *X3 + B24 *X2 *X4 + B25 *X2 *Xs + 
B34 *X3 *X4 + B35 *X3 *Xs + 
B45 *X4 *X5 

(3.2) 

The full second order model for k process variables 

contains a constant, k linear terms, k quadratic terms, and 

k(k-1) /2 cross terms. For example, as shown above, a five 

variable second order model has one constant, 5 linear terms, 

5 pure quadratic terms, and 10 cross terms. The response 

equation produces a surface in k+l dimensions (k variables 

plus the response). For surfaces with dimensions greater than 

two, only two variables can be plotted at one time with the 

response being the third variable. The remaining variables 

must be held constant. 

The coefficients for the model are estimated using the 

least squares method . Multiple 1 inear regression ana lys is 
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solves the general equation [23,26]: 

y = X B 

where Y is the Nxl response vector, B is the pxl coefficient 

vector, and X is the Nxp matrix of independent variables. Y 

and X are known and it is necessary to solve for the vector B 

which contain the coefficients for the variables in matrix X. 

Y is the response data measured when conducting an experiment 

and X represents the selected model. Using the least squares 

fitting meth~d the solution for this equation is: 

B = (X'X)"' X'Y 

where the notation X' is the transpose of X and r' is the 

inverse matrix of X. The solution produces an estimate of the 

coefficients in the vector B. The estimates of Bo , ••• , Bkk are 

named by bo, ••• , bu. Where N is the number of trials and p is 

the number of terms in the model. 

In the coefficients table, the variables are listed as a 

constant representing the average of the response, linear 

terms representing the linear effect of the Xi variable, 

quadratic terms, X?, representing the second order effect of 

the Xi variable, and Xi*X j representing the interaction between 
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the ~ and ~ variables. 

Each coefficient term has a standard error. This error is 

related to the response standard error. For central composite 

design, the coefficients variance (standard error squared) for 

the various terms is given by [26], 

where, 

Var (bo) = a2 IN 

Var (bi ) = a2 I (M+2a2
) 

Var (bi) = a2/M 

Var (b ii ) = a2e 

N = the total number of trials (points) in the experiment, 

M = the number of points in the factorial design portion, 

e = [p+ (k-2) q] I [ (p-q) (p+kq-q) ] , 

p = (MT-4Ma2-4a2- 2 (M+T) ( 4
) I (M+T) , 

q = (MT-4Ma2-4a4
) I (M+T) , 

T = 2k+no, 

N=M+T, 

no= is the number of center points, 

k = the number of variables, and 

a = 2 (will be defined later). 

The significance of these coefficients is determined by 

performing a T-test. The T-value or T-Ratio is the ratio of 

the coefficient value to the value of its standard error, as 

given by [23], 
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ta,v = b/stdErr(b) 

where StdErr(b) is the square root of var(b) and v is the 

degrees of freedom. The model can be modified by eliminating 

the nonsignificant coefficients terms resulting is a simpler 

model. 

3.3.2 The Squared Multiple (R2) 

R2 is a measure of the proportion of variability in the 

data explained by the fitted regression model [23]. Thus, it 

can provide information about the adequacy of the fitted 

model. R2 is given by, 

(3.3) 

which is the ratio of the variation of the predicted response 

from the predicted response mean to the variation of the 

observations from the observed response mean. The ideal value 

for R2 is unity. 

The R2 statistic should be used with caution, since it is 

always possible to make R1 unity simply by adding more terms 

to the model. The adjusted square multiple (RAl) , discussed in 

the next section, has the advantage that it does not 

automatically increase as new terms are inserted into the 

model. 



3.3.3 The Adjusted Squared Multiple (RA2) 

The adjusted squared multiple, RA2, is given by [24], 

1- (1-R2) (N-1) 
(N-p) 
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(3.4) 

where SST and SSE are the total and error sum of squares, 

respectively. This quantity represents the drop in the 

magnitude of the estimate of the error variance achieved by 

using a different model. In other words, the reduction in the 

error term that is achieved by using a different model. 

3.3.4 Variable Scaling (coding or normalization) 

Since the aQsolute value of the parameters differ 

significantly over the ranges which are estimated in the 

experiments, they are scaled by normalization (coded) about 

their respective means. Scaling simplifies the estimation of 

the coefficients in the model. The scaling (coding) 

transformation is [23], 

(3.5) 

where Xi is the mean, Xi is the natural variable, XCI is the 

scaled (coded) variable, and Si is a scaling factor which is, 

where Xhigh is the explored range maximum, Xlllw is the range 

minimum, and a is chosen to give the design specific 
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(3.6) 

properties, such as rotatability or uniform precision, here 

a=2. As a consequence, comparison of the magnitude of the 

coefficients obtained from process modeling offers an estimate 

of the relative importance of each parameter in the model. 

The central composite design consists of factorial, axial 

and center points. The center points are at the middle of the 

range of all variables and are coded as zero for all 

variables. The factorial points are at one level above and one 

level below the center points, therefore, they are coded as -1 

for below and +1 for above the center. The axial points coded 

values, +a, depend on the number variables and the number of 

points in the factorial part of the design. For a rotatable 

uniform precision design, a is given by, 

(3.7) 

where M is the number of points in the factorial part of the 

design. 

In this investigation, there are five variables and 16 

(M=16) trials in the factorial design (2 5-1). As discussed 

before, a=(16)1~=2. This results in the full variable range 

being divided into 5 levels equally spaced and coded as -2,-

1,0,1, and 2. -2 represents X10w and 2 represent Xhi~h. 
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To determine the value of the natural variables for 

conducting the experiment, the coded variables are transformed 

to the natural variables. The transformation requires that the 

range of each variable is known. Since the axial points are 

the highest and the lowest points in the design, the range 

values reflect the axial points. For example, if power varies 

between 100 and 500 watts, -2 represent 100 watts and 2 

represents 500 watts. 

3.4 Analysis of Variance 

Analysis of Variance (ANOVA) is the technique of 

analyzing the sources of variation in the data [23,24]. 

Analysis of variance results are displayed as an analysis of 

variance table. The ANOVA table summarizes the sources of 

variation in the data. Sources of variations are represented 

by total, regression, residuals, lack of fit, and pure 

experimental error. 

3.4.1 Total Sum of Squares (SST) 

The total variation in the data is the "tota 1 sum of 

squares", SST. This is calculated by summing the squares of 

the observation variations about their mean [23], i.e., 

N 

SS'r=L (Y;_V)1 (3.8) 
;= I 
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where ~ is the iili observation, Y the observations mean, and 

N is the number of trials or points in the experiment. In this 

study, N is equal to 32 or 64, 64 if the experiment is 

repeated. SST has N-l degrees of freedom. The mean is defined 

as [24]: 

(3.9) 

3.4.2 Regression Sum of Squares (SSR) 

The sum of squares due to regression of the fitted model 

is [23,24]: 

N 

SSR= E (Yi (pIed) - Y);; 
i=l 

(3.10) 

where Y;(pred) is the predicted value for the ilh point or 

trial. This represents the sum of squares of the difference 

between the values predicted by the model and the data mean. 

The degrees of freedom for SS~ is the number of terms in the 

model, p, minus 1. 

3.4.3 Residual or Error Sum of squares (SS,) 

The sum of squares not accounted for by the model is the 

sum of squares of the residuals or the sum of squares of the 

error, SS", 



N 

sSE=E (Yi-Yi(predl) 2 
i=l 
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(3.11 ) 

SSE represents the sum of squares of the difference between 

the predicted and observed values. SSE has (N-l)-(p-l)= N-p 

degrees of freedom. 

3.4.4 Lack-of-Fit Test 

The lack-of-fit of the empirical model can be estimated 

by performing more trials and calculating the standard 

deviation of the difference between the model and the 

• 
experimental data. Lack of fit of the model indicates whether 

the model is a sufficient representation of the experimental 

data. 

The error sum of squares, SSE' consists of two parts: The 

sum of squares due to pure experimental error (SSpIJ and the 

sum of squares due to lack of fit of the model (SSI.OI'). Sum of 

squares for pure error can be estimated using replicate points 

resulting is the sum of squares for the lack of fit being: 

Degrees of freedom for lack of fit is the degrees of freedom 

SSH minus the degrees of freedom for the pure error. 

The F-value for lack of fit is the ratio of the lack of 

fit mean square to the pure error mean square, 

F-ratio = MSl.Od MS PE = (SSl<lI./d.f.) /(SSl'dd.f) 
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where d. f. is the degrees of freedom, and MS UlF and MSI'E are the 

mean square of lack of fit and pure error, respectively. 

A very large F-value for lack of fit indicates that the 

residual is primarily caused by lack of fit rather than the 

experimental error. This suggests that the model could be 

improved by including higher order terms. 

3.4.5 Pure Experimental Error 

The effect of experimental error on the validity of the 

empirical model can be assessed using statistical analysis. 

Pure experimental error can be estimated by repeating 

experimental trials and calculating the standard deviation due 

to the variation in the replicates. 

The procedure of computing the pure error is described 

here. The variance of each replicated point is computed, then 

all the variances are pooled (combined) into a single 

variance. For example, for 5 variables, if all the factorial 

and axial points of a central composite design are replicated 

twice, there are 26 possible variances each with a single 

degree of freedom. The single degree of freedom is due to the 

number of times the point was repeated minus one. In addition, 

if the center point is replicated twelve times, that 

contributes one more variance with eleven degrees of freedom. 

A single variance is computed using all che variances from the 
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factorial, axial and center points. The pooled variance is 

computed by summing the product of all variances by their 

degrees of freedom then dividing the summation by the total 

degrees of the freedom. It can be expressed as [23], 

(3.12) 

2 • I . ~ ~ . where sp 1S the poo ed var1ance, Sl-"'" Sg- are the repllcated 

point variances, VI' ••• , Vg are the replicated points degrees 

of freedom, and g is the number of points replicated. The pure 

error standard deviation is sp' The denominator of Equation 

(14) is pure error degrees of freedom and the numerator is the 

pure error sum of squares. 

3.4.6 Analysis of Variance Table 

The analysis of var iance table (Table 3.1) shows the 

total, regression and residual sum of squares [23,24]: 

where, 

N= total number of points in the experiment, 

p= number of terms in the model, and 

r= the total degrees of freedom for the replicates. 

3.4.7 significance Testing (F test) 

The significance of the fitted regression model testing 
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can be accomplished using the F statistic. F-value is equal to 

mean squares regression divided by mean squares residual. Mean 

square regression and error are computed by dividing the sum 

of squares by its degrees of freedom, i.e. 

Then, the F-ratio is given by [24J, 

Table 3.1 ANOVA table. 

Source Degrees Sum of Mean F-Ratio 
of Squares Squares 
Freedom 

Due to p-l SSR MSH=SSR/ MSI{/MSI'I: 
Regression (p-l) 

Residual N-p SSE MS,!=SSd HSdMSI'E 
(N-P) 

Lack-of- N-p-r SSUlF MSI.(lF=SS,.O"/ MSulI../MSI'I: 
Fit (N-p-r) 

Pure Error r SS"E MS"E=SSpd r 

Total N-l SST 

F= Mean Square Regression = MSR _ SSR/ (p-l) 
Mean Square Error MSE - SSE/ (N-p) 

(3.13) 

The significance test consists of testing of the null 

hypothesis Ho stating that: all of the coeff icients (B 's 

except Bo) are zero against the alternate hypothesis H.\ stating 
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at least one of the coefficients (B's except Bo) is 

non-zero. To conduct the test, the value of the computed F is 

compared to the table value F(p_I.N_p.a)' The percentage confidence 

for the test is 100(1-a). For example, 95% confidence gives a 

of 0.05. This is a different a from the one used in the axial 

points definitions. If the value of F exceeds F(P_i.N.P.") then the 

null hypothesis is rejected and we conclude that the 

coefficients. are not all zero and the model represents the 

variation in the data. 

3.5 Applying the Experimental Design 

Particles deposited on the wafers are measured with the 

variations of 1) 13.56 MHz radio frequency power of 100-500 

Watts, 2) chamber pressure of 20-140 mTorr, 3) process gas 

total flow rate of 20-120 SCCM, 4) 100 KHz electrode power of 

5-25 watts and 5) etch time as shown in Table 3.2_ The etch 

time is varied from 5 to 25 minutes in the SF~/Ar plasma and 

from 3 to 15 minutes in the CF4/0~/ Ar plasma study. For the 

CF4/02/Ar case, time is reduced to limit the particle count to 

within an accurately measurable range. The actual values in 

the experimental design are shown in Table 3.3. The values in 

parentheses in the etch time column represent the time for the 

CF4 /0zl Ar etch. 

A completely randomized design and completely randomized 
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blocks were used in these experiments. In this study, 

completely randomized design means that all the trials in the 

experiments were performed at random without any special 

treatment for the factorial or the axial points. However, the 

randomized blocks design means that the design is divided into 

two blocks: the factorial part plus three center points and 

the axial part plus three center points. within one block the 

trials were performed at random. Here, a block refers to 

trials that are performed within the same day. 

Initial experiments were 

practical operating range of 

performed to determine 

the etch system. There 

the 

are 

several externally controlled parameters that can be studied, 

but due to the limited time and resources, only the five 

critical parameters specified above were selected for this 

inquiry. The process gas mixture is maintained at SFn (20%)/ 

Ar(80%) Ar in the first case and CF~(16.5%)/ O~(3.5%)/ Ar(80%) 

in the second case. These mixtures were found to produce 

particle counts in the measurability range of the Tencor 364 

surface particle counter which leads to minimum error in 

counting. 

3.6 statistical Analysis Procedure 

After performing the experiment and collecting the data, 

the following general procedure for the statistical analysis 
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is followed: 

1. Perform least square regression analysis on the data 

using the full second order model. The analysis 

results in 21 coefficients (Bol BIll BI21 ••• I B~51 

Bss) • 

2. Perform a T-test to determine the significance of 

each coefficient term. Then , non-significant terms 

are removed from the model. 

3. Perform residual analysis to determine outlier points 

and consider removing them. An outlier point is a 

data point that does not fit the pattern formed by 

the remaining data points. 

3. Repeat the regression analysis using the modified 

model and data points excluding the outlier points. 

4. Consider accepting the model when the values of R! and 

R~ exceed 0.90 (90%). 

6. Generate Analysis of Variance (ANOVA) table by 

calculating the sum of squares of regression (SSM) I 

residuals (SSE) I lack-of-fit (SSUlF) I pure error 

(SSI,n> I and the total sum of squared (SST)' Pure 

error sum of squared is computed using the center 

point replicates included at the center of the 

design. The mean square values are then computed by 

dividing the sum of squares by the corresponding 
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degrees of freedom. 

5. Check the regression and lack of fit F-ratios for 

significance. The F-ratios are listed in the ANOVA 

table. The F-ratio for regression and lack of fit 

are computed by dividing the mean square of 

regression and lack-of-fit by the mean square of 

pure error. The computed F-ratios are compared to 

the tabulated values [24,25] having the same 

degrees of freedom. For the model to be adequate, 

regression should be significant and lack of fit 

should be insignificant. 

6. If all the above are satisfied, use model to estimate 

response. 

Despi te the above procedure, if R2 and R,,2 are greater 

than 0.9 and the standard deviation of the residual is less 

than 10% at the center point of the design, pure error and 

lack of fit calculations will be omitted. In this case, pure 

error is assumed to be less than or equal to the residual 

standard deviation which is called standard error of estimate 

in tables. 

The analysis is performed using MY STAT software [27] 

while the experimental design is generated using statistics 

books [23,25] and IBM internal software [28]. 
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3.7 Glossary of Terms and Symbols 

This section gives the definitions for symbols, terms, 

and expressions found in the statistical analysis tables in 

the results chapter (Chapter 4). 

Dependent variable (dep var): the response variable (particle 

count, etch depth, or etch rate) . 

N: number of trials in the analysis. 

Multiple R: the square root of R2 defined below. 

Squared multiple R (R2): R2 represents the proportion of the 

variance of the response that is predictable from the 

regressor variables. 

Adjusted squared multiple (R,,2): R,,~ is similar to R2 but less 

sensitive to the number of terms in the model 

Standard error of estimate: the standard deviation of the 

residual which estimates the standard error of the data. 

This standard error or standard deviation includes lack 

of fit error and pure error. Therefore, it provides a 

substantial over-estimate of the pure error if the lack 

of fit is large. 

Variable: the independent variable in the model. Constant (B II ) 

is the average of the data and estimates the response at 

the center for design if the dependence is mainly linear. 

The linear scaled variables in the model are: XI for RF 

power, X2 for pressure, X} for flow rate, X~ for time, 
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and Xs for 100 KHz power. X1*X1 is the pure quadratic 

variable of rf power, and the same applies for products 

of two variables with same index. Xl*~ is the interaction 

variable between 13.56 MHz RF power and pressure, and the 

same applies for product of variables of different index. 

Coefficient: represents the effect of the variable in the 

scaled (coded) variable space. Since all variables are 

normalized, the magnitude of the effect in this column 

can be compared. 

Standard Error (STD. ERROR): represents the standard error of 

the effect or the coefficient. 

Tolerance: one minus the R2 that results from the regression 

of the other variables in the model on that regressor. 

Tolerance measures the strength of interrelationship 

among the regressor variables in the model. If all 

variables are orthogonal to each other, the tolerance is 

1. If a variable is very closely related to the other 

variables, the tolerance goes to zero. 

T-test (T): the T-test value is the ratio of the coefficient 

to its standard error. 

P-value (P-2 Tail): represents the distance from 100% 

confidence, i.e. the confidence level is 1 minus the P

value. For example, a P-value of 0.05 means 1-.05= 95% 
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confidence level for that coefficient. 

Analysis of variance (ANOVA) Table: this is explained in 

detail in this chapter, section 3.4. 

Residual: is the difference between the predicted and the 

observed value of the response. 

Pure error: represents the error resulting from repeating the 

experiment at the same conditions. 

Lack of fit error: represents the error in the prediction 

caused by selecting an inferior model. 
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Table 3.2 The range of parameters used in the experimental 
design. This table applies to the SF6/Ar and CF4/02/Ar 
chemistries. 

Parameter Range 

RF Power (13.56 MHz) [Xtl 100 - 500 watts 

Chamber Pressure [X2 ] 20 - 140 mTorr 

Flow Rate [X3 ] 20 - 120 SCCM 

Etch Time [ X4 ] 5 - 25 min. (SFo/Ar) 
3 - 15 Min. (CF4 / 0"/ Ar) 

Wafer electrode power (100 5 - 25 Watts 
KHz) [X5 ] 
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Table 3.3 Central composite design matrix using externally 
controllable variables. Trials 1-16 are the fractional 
factorial (25-1) points, trials 18-26 are the axial points, and 
trials 27-32 are the design center points. 

Trial 

1: 
2 : 
3: 
4: 
5: 
6: 
7: 
8: 
9: 
10: 
11: 
12: 
13: 
14: 
15: 
16: 
17: 
18: 
19: 
20: 
21: 
22: 
23: 
24: 
25: 
26: 
27: 
28: 
29: 
30: 
31 : 
32: 

RF POWER 
(Watts) 
200 
400 
200 
400 
200 
400 
200 
400 
200 
400 
200 
400 
200 
400 
200 
400 
100 
500 
300 
300 
300 
300 
300 
300 
300 
300 
300 
300 
300 
300 
300 
300 

PRESSURE 
(mTorr) 
50 
50 
110 
110 
50 
50 
110 
110 
50 
50 
110 
110 
50 
50 
110 
110 
80 
80 
20 
140 
80 
80 
80 
80 
80 
80 
80 
80 
80 
80 
80 
80 

FLOW 
(SCCM) 
45 
45 
45 
45 
95 
95 
95 
95 
45 
45 
45 
45 
95 
95 
95 
95 
70 
70 
70 
70 
20 
120 
70 
70 
70 
70 
70 
70 
70 
70 
70 
70 

TIME· 
(Min) 
10(6) 
10(6) 
10(6) 
10(6) 
10(6) 
10 (6) 
10(6) 
10(6) 
20(12) 
20(12) 
20(12) 
20(12) 
20(12) 
20(12) 
20(12) 
20 (12) 
15(9) 
15(9) 
15(9) 
15(9) 
15(9) 
15(9) 

5(3) 
25(15) 
15(9) 
15(9) 
15(9) 
15(9) 
15(9) 
15(9) 
15(9) 
15(9) 

100 KHz 
POWER 
(Watts) 
20 
10 
10 
20 
10 
20 
20 
10 
10 
20 
20 
10 
20 
10 
10 
20 
15 
15 
15 
15 
15 
15 
15 
15 

5 
25 
15 
15 
15 
15 
15 
15 

* Time in parentheses belongs to the CF4/02/Ar case. 



CHAPTER 4 

RESULTS AND STATISTICAL ANALYSIS 

4.1 Introduction 

This chapter concentrates on the characterization of 

particles deposited on silicon wafers and silicon etch rate as 

a function of externally controlled parameters in an SFo/Ar 

and a CF4/02/Ar plasma. The chapter is divided into two main 

parts. Both parts deal with the analysis of the particles 

deposited on silicon and with silicon etch rate under the same 

plasma conditions. The first part contains the results of an 

SF6/Ar plasma while the second part contains the results for 

a CF4/02 / Ar plasma. 

Due to practical limitations, the studies of particle 

deposition and etch rate had to be performed on different 

wafers. Patterned wafers used for etch rate measurements are 

not compatible with the particle counting method employed in 

this study. However, the same experimental design is used in 

both cases. In the particle deposition case, for both 

chemistries, the experiment was repeated twice to confirm the 
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chemistries, the experiment was repeated twice to confirm the 

suggested trends observed in the first experiment. This 

chapter is restricted to presenting the raw data and their 

statistical analysis. The interpretation of the data are 

presented in the next chapter. 

4.2 SF6/Ar PARTICLE DEPOSITION RESULTS 

In this section, data and the statistical analysis of 

particle count (deposition) data on a silicon substrate in an 

SF6/Ar plasma are presented. 

4.2.1 Experimental Procedure 

All experiments and wafer measurements are conducted in 

a class 100 clean room. Particles on the wafers are measured 

before and immediately after performing an etch. Clean monitor 

wafers are passed through the chamber to count the particles 

produced by all other sources, but without a plasma. The 

contamination level on these wafers is always very low 

compared to the particle count on processed wafers «100 

particles) [29]. Monitor wafers are exposed to the process 

gas for the full process time. Thus, the only difference 

between monitor and process wafers is that the plasma remains 

off during the monitor wafer exposure. This ensures that the 
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large number of particles observed on the processed wafers are 

not produced dur ing pump down [ 30, 31] or due to the gas 

flow, but are due to the process. Monitor wafer exposure is 

similar to what is typically done in manufacturing lines to 

measure particle count. 

Several steps are taken to ensure a clean chamber. Prior 

to conducting the experiment the vacuum chamber is manually 

cleaned with acetone or isopropyl alcohol. sometimes, physical 

rubbing of the chamber interior is necessary to remove 

material deposited during other plasma studies. Following the 

initial pump down, the chamber is conditioned with an SF6/Ar 

plasma for at least 30 minutes. The experiment is also 

preceded by a few identical runs to stabilize the particle 

count. The vacuum chamber is always maintained under vacuum 

(10.5 Torr) while the wafer is introduced through the load lock . 

A criteria for a clean chamber is established. The 

criteria requires that the particle count be less than 500 

particles if the experiment is performed under the conditions 

of the design center point with argon as the process gas. The 

particle count in the chamber without plasma is less than 100 

particles per pass per wafer. 

Data obtained from both runs was analyzed by performing 

regression analysis using least squares analysis. The analysis 

was performed on a personal computer using the MYSTAT 
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statistical package. MYSTAT is a personal computer version of 

the SYSTAT statistical package manufactured by SYSTAT 

corp. [27] . 

4.2.2 SF6 in Ar Percentage 

In order to operate in the measurable range of the Tencor 

364 Surfscan, the particle count has to be limited to a 

maximum of 30,000 particles per wafer. When only SF6 is used 

without any dilution in argon, the particle count is greater 

than 50,000 particles per wafer. When argon is used to dilute 

SF6 , the particle count decreases. 

To determine the percentage of SF6 in argon, a run was 

performed by varying this percentage from 5 to 50%. Particle 

count was found to increase linearly with the percentage of 

SF6 in argon. During this run, all parameters were fixed at 

the center of the statistical design. Based on this 

experiment, 20% SF6 in argon is selected for the experiment. 

4.2.3 Experimental Data Tables 

The complete experimental design shown in Table 3.3 was 

performed once, then repeated two weeks later. The first run 

data is shown in Table 4.1 and the second run data is shown in 

Table 4.2. 



64 

4.2.4 statistical Analysis 

In this section, statistical analysis of the data is 

presented. The data from the two runs are analyzed separately 

and then as one experiment. Each data set is fitted to the 

complete second order model and then a modif ied model is 

produced. Also, the regression coefficients and ANOVA tables 

are presented. 

4.2.4.1 First Run Analysis 

Analysis of the first run data in Table 4.1 was performed 

to obtain the main trends before running the complete 
• 

replicate. This is done to verify that the design is capable 

of modeling particle deposition as a function of the input 

variables. 

The complete second order model was used in performing 

the regression analysis. Trials 18 and 26 were outliers and 

were eliminated from the analysis. The regression analysis 

results and ANOVA table are shown in Table 4.3. variables 

with p-values less than 0.05 (95% confidence level) are 

considered significant. Particle count is linearly dependent 

on 13.56 MHz RF power, time, and 100 KHz power, and has 

quadratic dependence on flow rate. Interaction between flow 

and time, and 100 KHz power and time is weakly present. 

Pressure terms are not significant. 
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R2 and Rl are 0.981 and 0.938, respectively, indicating 

an excellent fit of the model to the data. The standard error 

of the estimate is 1760 particles. This is an 11.2% error at 

the design center. The error calculation is based on the 

residuals, which include lack-of-fit error and pure error. The 

pure standard error is 1594 particles ( or 10.11% percent at 

the design center). The analysis of variance indicates, with 

a confidence level greater than 99.9%, that the coefficients 

in the model are non-zero and that the variation is explained 

by the model. 

The non-significant terms in the complete model are 

eliminated thereby producing a simpler model. The regression 

analysis results and ANOVA table using the modified model are 

shown in Table 4.4. Note that R, R2, and RA2 are lower than 

their respective values in Table 4.3, as would be expected. 

4.2.4.2 Second Run Analysis 

The second run was analyzed separately to obtain the main 

trends and verify that they are similar to the trends given by 

the first run. The complete second order model is used in 

performing the regression analysis. None of the trials are 

considered outliers. Regression analysis results and the ANOVA 

table are shown in Table 4.5. Particle count is linearly 

dependent on 13.56 MHz RF power, time, and 100 KHz power, and 
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has quadratic dependence on flow rate. Interaction between 100 

KHz power and time is present. The pressure terms are not 

significant. 

R2 and Rl are 0.973 and 0.923, respectively, indicating 

an excellent fit of the model to the data. The standard error 

of the estimate is 2023 particles ( or 14.6% at the design 

center). The pure standard error is 1053 particles (or 7.6% 

percent at the design cente~). The analysis of variance 

indicates, with a confidence level greater than 99.9%, that 

the coefficient in the model are non-zero and that the 

variation is explained by the model. 

Again, only the significant terms from the complete 

second order model analysis are retained, thus resulting in a 

modified simpler model. The regression analysis results and 

ANOVA table using the modified model are shown in Table 4.6. 

Note that R, R2, and RA2 are lower than their respective values 

in Table 4.5, as would be expected. The results from both runs 

are similar, except that the variation in the data, as 

indicated by R2 and RA2 is lower for the second run. 

4.2.4.3 Combined Run Data Analysis 

It is desirable to treat data from the first and second 

runs as a single run. However, combining the two data sets 

requires that they are statistically the same. Luckily, their 
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statistical similarity can be tested. Indeed, each run can be 

treated as a block of a single experiment consisting of two 

blocks. A block is a part of an experiment conducted under 

similar conditions. Each block is considered to have a 

different treatment. Here, the treatments are the days on 

which the experiments are performed. If the blocks are 

significantly different then the two runs must be treated 

separately. On the other hand, if the blocks are not 

significantly different, data from both runs can be merged and 

treated as a single run. In the latter case, every data point 

is performed twice (replicated). This helps in defining trends 

and in determining pure experimental error. The pure 

experimental error computation is discussed in the statistics 

chapter (Chapter 3). 

When performing regression analysis with blocking, 

another variable column is added to the model. The new 

variable, named "Block", detects the difference between the 

two runs. The "Block" variable column is set to "-1" for all 

data points from the first run and to "1" for all data points 

from the second run. Regression analysis is performed using 

all data points and the full second order model plus the block 

variable. Table 4.7 shows the results of the analysis. Since 

the block variable has a P-value of 0.323 (confidence level of 

67.7%), it is found to be insignificant, based on a confidence 

level of 95%. Thus, implying that the data of the two runs can 
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be merged. 

Residual analysis shows that trials 18 and 26 from the 

first run are outliers. Figure 4.1 a,b show a plot of the 

residual verses the estimated value and the estimated values 

verses the observed values. Trial number 18 is marked with an 

"x". These two data points do not fit the pattern formed by 

the other 62 points. Therefore, the two outlier points are 

removed from all subsequent analysis. Inspection of the 

experiment data sheets show that these two trials were done 

consecutively. This suggests that an error may have occurred 

during these two trials. other data points before and after 

these two trial do not show any significant deviations from 

the rest of the data. 

The order of which the trials were performed was found to 

have no significant effect on the data indicating the particle 

deposition does not increase or decrease from run to run due 

to build up in contamination. Hence, within the time it took 

to complete this experiment, the particle deposition levels 

remained within the controllable range. 

4.2.4.4 Full Second Order Model and ANOVA Table 

The complete second order model was fitted to the 

combined runs by performing regression analysis. Table 4.8 

shows the results of regression analysis of the remaining 62 

observations using the complete second order model. 
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Particle count is linearly dependent on 13.56 MHz RF 

power, time, and 100 KHz power, and has quadratic dependence 

on flow rate. Interaction between 100 KHz power and time is 

present. The pressure does not have a significant effect. 

R2 and RA2 are 0.947 and 0.922, respectively, indicating 

an excellent fit of the model to the data. The standard error 

of the estimate is 1990 particles ( or 13.6% at the design 

center). The pure standard error is 1724 particles (or 11.75% 

percent at the design center). The analysis of variance 

indicates, with a confidence level greater than 99.9%, that 

the coefficients in the model are non-zero and that the 

variation is explained by the model. 

4.2.4.5 Modified Model and ANOVA Table 

The model is modified by removing all non significant 

terms; the significant terms are shown in Table 4.9. 

Coefficient terms with P-value of less than 0.05 (or >95% 

confidence level) are retained. Only six out of the 21 

coefficients are found to be significant. Thus, 13.56 MHz RF 

power, flow rate, time, 100 KHz power, flow rate squared, and 

interaction between time and 100 KHz power remain in the 

model. This final model is used to predict the total particle 

count as a function of the parameter space explored. 

To simplify interpretation, the coefficients are 
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converted to their natural variable values. The natural 

variable coefficient values are obtained by dividing the 

scaled (coded) coefficients by the scaling factor. The 

scaling factors are 100 for 13.56 MHz RF power, 30 for the 

pressure, 25 for the total flow rate, 5 for time, and 5 for 

100 KHz power. For the cross product coefficients the scaling 

factor is the product of the scaling factors of the variables 

involved. At the design center, 13.56 MHz RF power 

contributes 20 particle/watt, flow contributes 67 

particles/SCCM, time contributes 1226 particle/ min, and 100 

KHz power contributes 733 particle/watt. 

4.2.5 Particle Model Plots 

The particle deposition values predicted by the model can 

be displayed in several ways: line, contour, or three

dimensional graphs. Three dimensional and line graphs are 

chosen as the main method of presentation. contour plots are 

useful when the interaction between parameters is significant. 

In the SF6/Ar plasma case, only one interaction is 

significant. 

Figure 4.2 shows the particle count verses 13.56 MHz RF 

power and time as a parameter. Particle deposition increases 

as 13.56 MHz RF power and time increase. The curves are 

straight lines meaning that 13.56 MHz RF power dependence is 
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linear, uniformly spaced signifying that the time dependence 

is linear, and parallel indicating that no interaction between 

time and 13.56 MHz RF power. 

Figure 4.3 shows the particle count verses flow rate with 

time as a parameter. The curves are parabolic meaning that the 

flow rate dependence is quadratic, uniformly spaced indicating 

that time is linear, and parallel indicating that no 

interaction between time and flow rate. 

Figure 4.4 shows the particle count verses 100 KHz power 

with time as a parameter. Particle deposition increases as 100 

KHz power and time increase. The curves are stfaight lines 

meaning the 100 KHz power dependence is linear, and 

nonparallel indicating that interaction between time and 100 

KHz power is present. However, at a given 100 KHz power the 

time dependence is linear. 

4.2.6 Chemical Analysis 

The lack of organic film formation by the SF6/Ar 

chemistry was demonstrated using Fourier Transform Infrared 

Spectroscopy (FTIR) analysis. FTIR did not detect any organic 

films on the silicon surface. Tencor 5500 surfscan and 

scanning electron microscope imaging indicated a smooth wafer 

surface. 

Auger Electron Spectroscopy (AES) of spherical and semi-
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spherical shaped particles reveals the presence of silicon, 

fluorine, sulfur, aluminum, oxygen, and carbon. Most 

particles contain silicon, fluorine and sulfur, but a small 

percentage of the particles contain aluminum. Figure 4.5 shows 

an SEM micrograph of a particle generated in SF6/Ar plasma. 

Also, Figure 4.6 shows several Auger spectra for the particle 

and silicon surface before and after sputtering. Sulfur and 

fluorine must come from the input gas and the silicon source 

must come from the wafer. Oxygen may arise after particle 

exposure to room air. The only source of aluminum is the 

chamber walls, thus signifying that the chamber walls may aid 

in particle generation. Auger depth profiling, of a particle 

containing aluminum (using Ar ion beam sputtering) indicates 

the presence of aluminum at the center of the particle. Sulfur 

and fluorine are also present at the particle center. Oxygen 

and trace amounts of carbon were only found on particle 

surfaces. 

4.2.7 Particle size vs Particle count 

Most measured particles on the wafer are between 0.2 and 

0.7 ~m2 in cross sectional area or 0.35 to 0.85 ~m in diameter 

[29]. Particle count for larger sizes drops rapidly as seen in 

Figure 4.7. Therefore, particle count is dominated by small 

particles with scattering cross sectional area less than 0.7 
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~m2. Particles growing and suspended in the plasma may reach 

a maximum size before falling on the wafer. Larger particle 

sizes do not seem to depend on the parameters explored and 

their count is fairly random. Some of these particles may be 

attributed to general environmental contamination and are 

probably not process induced. 

4.3 SF6/Ar Etch Depth and Rate Results 

The motivation for studying silicon etch rate behavior as 

a function of the externally controlled plasma parameter space 

is to achieve one or more of the following goals: 

1. Determine if it is possible to find a combination of 

parameter settings where practical etch rates and 

low particulate contamination can be achieved. 

2. Determine if the production of etch products 

correlates with the production and deposition of 

particles on the wafer. If a correlation is 

present, it may suggest that the etch by products 

may contribute to or reduce particle formation. 

3 • Determine if the consumption of the reactive gas 

species by the etch reaction enhances or impedes 

particle formation. 

It is known that the etch rate depends on the input 

variables used in the particle count study. Therefore, it is 
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very desirable to optimize the etch rate and particle count 

for a given set of requirements. 

Data obtained from the etch rate experiment is analyzed 

in two ways: the total etch depth and then the etch rate. The 

total etch depth and etch rate are analyzed using regression 

analysis in which 32 trials were performed. 

4.3.1 Experimental Procedure 

since wafers used in this study are unpatterned, 

monitoring the etch rate of silicon presents some 

difficulties. Also, methods of etch rate monitoring are not 

compatible with the particle counting techniques utilized in 

this study. Therefore, etch rate is determined by using the 

same type of wafers and using the same experimental design. 

Here, a mask is added to define a pattern to enable 

measurement of etch depth. Aluminum is selected as the masking 

material since it does not etch effectively is this chemistry 

and it is convenient to use. Aluminum is applied in the form 

of tape strips that are 1 cm long and 0.5 cm wide. The tape 

strips were distributed over the wafer surface, one in the 

center and four toward the edge of the wafer. The tape covers 

5 to 10% of the wafer area. To determine the etch depth, the 

strips are remove and the etch step in silicon is measured. A 

fairly sharp step, as shown in Figure 4.8, is established 

which is easily measured by a profilometer (Tencor Alpha-step 
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200). 

4.3.2 Experimental Data Tables 

The resulting experimental data is listed in Table 4.10. 

The input variables have the same values listed in Table 3.3. 

The measured value is the etch depth (last column) or the 

total step height produced by the etch. In order to compute 

etch rate, t~e total measured step height is divided by the 

corresponding etch time, assuming that etch rate is constant 

for each individual set of conditions. 

4.3.3 Etch Depth Analysis 

Total etch depth is analyzed because it occurs during 

the accumulation of the total particle count. Therefore, the 

total particle count and the total etch depth have been 

exposed to the same plasma etch conditions. One measurement 

was found inconsistent with the remaining 31 measurements. The 

masking aluminum tape may have peeled off the wafer resulting 

in a distorted pattern and an under-estimate of the etch 

depth. statistically that data point was determined to be an 

outlier and excluded from the analysis. 

The full second order model was used in performing the 

analysis and to obtain the ANOVA table shown in Table 4.11. 

Etch depth is linearly dependent on 13.56 MHz RF power, time, 

and 100 KHz power, and has quadratic dependence on flow rate 
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and pressure. Several interactions are present: 13.56 MHz RF 

power with pressure, pressure with 100 KHz power, flow with 

time, and time with 100 KHz power. Pressure has a positive 

pure quadratic dependence but does not have a significant 

linear term. The flow rate has a negative quadratic 

dependence. A positive quadratic dependence results in a 

function that drops to a minimum then increases as the square 

of the input variable while the negative quadratic dependence 

results in a function that peaks to a maximum then decreases 

as the square of the input variable. 

R2 and RA2 are 0.992 and 0.976, respectively, indicating 

an excellent fit of the model to the data. The standard error 

of the estimate is 0.502 ~m (or 7.1% at the design center). 

Therefore, the pure standard error is less than 7.1%. The 

analysis of variance indicates that the model explains the 

variation in the data with confidence level greater than 

99.9%. 

If each external plasma parameter if: varied over the 

entire explored range, while all other parameters are held 

constant at the center point of the statistical design, 13.56 

MHz RF power increases etch depth by 4. 72 ~m, flow rate 

increase etch depth by about 8 ~m, time increases etch depth 

by 9.3 ~m, and 100 KHz power increases etch depth by 1.5 ~m. 
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4.3.4 Etch Depth and Particle Count Plots 

Figure 4.9 shows particle. count and etch depth as a 

function of 13.56 MHz RF power at the center of the design. 

The dependence on 13.56 MHz RF power is very similar. 

Figure 4.10 shows the particle count and etch depth as a 

function of flow rate at the design center. At low flow rate, 

the dependence of those two quantities on flow rate is 

similar, but they diverge at high flow rates. 

Figure 4.11 shows the particle count and etch depth as a 

function of 100 KHz power at the center of the design. The 

trends established by the etch depth and particle count are 

similar. 

Figure 4.12 shows the etch depth and particle count as a 

function of time. similar dependence is also observed here. 

4.3.5 Etch Rate Analysis 

Etch rate is a critical parameter of plasma etching. The 

etch depth data is fitted to the full second order model using 

regression analysis. The analysis and ANOVA table is shown in 

Table 4.12. For the parameter space explored, etch rate is 

linearly dependent on 13.56 MHz RF power, 100 KHz power, and 

weakly dependent on pressure. In addition, etch rate has a 

quadratic dependence on flow rate and pressure. Several 

Interactions are present: 13.56 MHz RF power with pressure, 

13.56 MHz RF power with flow rate, pressure with time, 



78 

pressure with 100 KHz power, and time with 100 KHz power. 

Pressure has a pure quadratic term but no linear term. 

R2 and R1 are 0.972 and 0.915, respectively, indicating 

an excellent fit of the model to the data. The standard error 

of the estimate is 410 A/min which is 8.7% at the design 

center; therefore, the pure standard error is less than 8.7%. 

The analysis of variance indicates, with a confidence level 

greater than 99.9%, that the model explains variations in the 

data. 

Etch depth and etch rate 

information. Also, etch rate 

dependence. 

4.3.6 Analysis of Particle Size 

analysis 

does not 

provide similar 

have any time 

The particle counts in each bin or size category were 

analyzed (regressed) and fitted to the model. Results of this 

analysis are summarized in Table 4.13. Smaller particle 

numbers are fairly predictable by the model but larger size 

particles seem fairly random. This suggests that only small 

particles are directly process generated and are due to the 

variation of externally controlled plasma parameters. On the 

other hand, large particles are primarily produced due to 

other contamination sources, such as wafer transport and 

handling. 
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4.3.7 Correlation of Particle Count and Etch Depth 

To obtain a correlation or relationship between particle 

count and etch depth, regression analysis is performed by 

considering the etch depth as the independent variable and 

particle count as the dependent variable. Etch depth is 

proportional to the amount of silicon atoms removed, 

therefore, this result can give the relationship between 

particle count and atoms removed. The objective is to solve 

the equation: 

Particle count = A + B * Etch Depth + C * (Etch depth)2 

where A, Band C are the regression coefficients. 

Regression analysis indicate that A and C are zero and 

the linear term with coefficient B can explain over 94% of the 

variation. This linear fit indicate that 1880 particles are 

produced with every micrometer of etched silicon. 

4.4 CF4/0Z/Ar Particle Deposition Results 

In this section, data and the statistical analysis of 

particle count (deposition) data on a silicon substrate in a 

CF4/02/Ar plasma are presented. The experiment is performed 

according to the same procedure established while conducting 

the SF6/Ar particle deposition experiments. 
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4 • 4 • 1 CF 4/°2/ Ar percentages 

In order to operate in the measurable range of the Tencor 

364 Surfscan, the particle count has to be limited to a 

maximum of 30,000 particles per wafer [29]. CF4/02 is purchased 

in a premixed form of CF4 with 17.5% Oxygen. When the CF4/02 

mixture is used without any dilution in argon, the particle 

count is greater than 50,000 particles per wafer. Therefore, 

argon is used to dilute the process gas (CF4/02). 

To determine the percentage of CF4/02 in argon, a run is 

performed by varying this percentage from 5 to 50%. 

Figure 4.13 shows the particle count as a function of CF4 /02 

percentage in argon. All parameters were fixed at the center 

of the statistical design. Based on this information, 20% 

CF4/02 in argon is selected for the experiment, i. e., the 

percentage of the chemical components are: CF4 , 16.5%; 0u 

3.5%; Ar, 80%. 

4.4.2 Experimental Data Tables 

The complete experimental design in Table 3.3 was 

performed once, then repeated the following day. Particle 

count data from the first run is shown is Table 4.14 and the 

second run data is shown in Table 4.15. 
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4.4.3 statistical Analysis 

The data from the two runs is analyzed separately and 

then together yielding similar conclusions; therefore, the 

second run is considered a genuine replicate of the first run. 

Both sets of data are fitted to the complete second order 

model and then a modified model is produced. Only the 

significant terms from the complete second order model 

analysis are retained resulting in a modified simpler model. 

Then, the regression coefficients and AN OVA tables are 

presented. 

The complete second order model was used in performing 

the regression analysis. Trial 36 is an outlier and is 

eliminated from the analysis. Table 4.16 shows the results of 

regression analysis on the remaining 63 observations using the 

complete second order model. 

Particle count is linearly dependent on 13.56 MHz RF 

power, time, 100 KHz power and pressure, and has a quadratic 

dependence on flow rate. Pressure with a confidence level of 

94.4% and 100 KHz with 93.4% are slightly below the target 95% 

confidence level. Also, the quadratic (squared term) 

dependence of the flow rate is weak (94.1% confidence level). 

The flow rate interacts with 13.56 MHz RF power, 100 KHz, and 

time. 
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R2 and R/ are 0.934 and 0.903, respectively, indicating 

an excellent fit of the model to the data. The standard error 

of the estimate is 1170 particles which is 18.75% at the 

design center. As mentioned before, this error includes lack

of-fit and pure error. The pure standard error is 973 

particles which is 15.6% at the design center. The analysis of 

variance indicate with a confidence level greater than 99.9% 

that the coefficient in the model are non-zero and that the 

variation is explained by the model. 

The model is modified by removing all non significant 

terms as shown in Table 4.17. Coefficient terms with 

confidence level greater than 95% are retained. Only ten of 

the 21 coefficients are significan.t. The linear terms are 

13.56 MHz RF power, flow rate, time, 100 KHz power I and 

pressure. In addition to the linear term, flow rate has a pure 

quadratic dependence. There is an interaction between flow 

rate and 13.56 MHz RF power, time and 100 KHz power as in the 

full order model. This final model is used to predict the 

total particle count as a function of the parameter space 

explored. 

The order of which the trials were performed does not 

have any significant effect on the data indicating that 

particle deposition does not increase or decrease as time goes 

on. This is determined by plotting each trial particle count 
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verses the trial order. 

The coefficients listed in the table are converted to the 

natural variable values. The scaling factors are as before 

except the time scaling factor is 3 instead of 5 for the 

SF6/Ar case. On average (at the design center), 13.56 MHz RF 

power contributes 7.5 particle/watt, flow rate contributes 92 

particles/SCCM, time contributes 1011 particle/min, 100 KHz 

power contributes 64 particle/watt, and pressure contributes 

11 particles/mTorr. 

4.4.4 Particle Model Plots 

Figure 4.14 shows the particle count verses 13.56 MHz RF 

power with time as a parameter. Particle deposition increases 

as 13.56 MHz RF power and time increase. The curves are 

straight lines meaning that the 13.56 MHz RF power dependence 

is linear. The lines are uniformly spaced signifying that time 

is linear. Also, the lines are parallel indicating that no 

interaction between time and 13.56 MHz RF power. 

Figure 4.15 shows the particle count verses flow rate 

with time as a parameter. The curves have slight curvature 

meaning that flow rate dependence is quadratic. The curves are 

not parallel, indicating interaction between time and flow 

rate. However, at a given flow rate, time dependence is 

linear. 
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Figure 4.16 shows the particle count verses 100 KHz power 

with time as a parameter. Particle deposition increases as 100 

KHz power and time increase. The curves are straight lines 

meaning the 100 KHz power dependence is linear. Also, the 

lines are parallel, indicating that no interaction between 

time and 100 KHz power, and uniformly spaced, indicating that 

time dependence is linear. 

Figure 4.17 shows the particle count verses 13.56 MHz RF 

power with flow rate as a parameter. The curves have a slight 

curvature as a function of flow rate meaning that flow rate 

dependence is quadratic. There is interaction between flow 

rate and 13.56 MHz RF power. However, at a given flow rate, 

13.56 MHz RF power dependence is linear. 

4.4.5 Chemical Analysis 

Auger spectroscopy of spherical and semi-spherical shaped 

particles reveals the presence of silicon, oxygen, and carbon 

on the particle surface. After Auger microprobe in-situ Ar 

beam sputtering, only silicon remains in the particles. 

Figure 4.18 shows an SEM micrograph of a particle generated in 

CF4/02/Ar plasma. Also, Figure 4.19 shows several Auger spectra 

for the particle and silicon surface before and after 

sputtering. Oxygen and carbon may be products of the chemistry 

or added during exposure to room air. Scanning Auger 
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microscope imaging indicated a smooth wafer surface. 

4.4.6 Particle Size va Particle count 

Most measured particles on the wafer are between 0.2 and 

0.7 /.Lm2 in cross sectional area. 

sizes drops rapidly (as seen 

Particle count for larger 

in Figure 4.20) for both 

chemistries; however, CF4/02 particles are in general larger. 

In both cases, particle count is dominated by small particles 

with scattering cross sectional area of less than 0.7 /.Lm". 

Particle count for large particles does not depend on the 

parameters explored and their count is fairly random. These 

particles may be attributed to environmental contamination and 

may not be process induced. 
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4.5 CF4/02/Ar Etch Depth and Rate Results 

The objective of the etch depth (or etch rate) study is 

similar to the goal for the SF6/Ar case. The same experimental 

procedure described for the SF6/Ar etch depth study is used 

here including the same masking method, i.e. aluminum tape 

strips. Also, the total etch depth and etch rate are analyzed 

using the second order model and regression analysis. 

4.5.1 Experimental Data Tables 

The resulting experimental data for the etch depth and 

etch rate is listed in Table 4.18. The step height (etch 

depth) is determined then divided by the corresponding etch 

time to yield the etch rate. 

4.5.2 Etch Depth Analysis 

The full second order model was used in performing 

analysis. Table 4.19 shows the coefficients and the AN OVA 

table generated by the analysis. Etch depth is linearly 

dependent on 13.56 MHz RF power, time, pressure and 100 KHz 

power, and has quadratic dependence on flow rate. No 

interactions are present. 

R2 and R} are 0.976 and 0.932, respectively, indicating 
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an excellent fit of th~ model to the data. The standard error 

of the estimate is 0.146 ~m which is 9% at the design center. 

The pure standard error is less than 9% at the design center. 

Analysis of variance indicates, with a confidence level 

greater than 99.9%, that the model explains variations in the 

data. The modified model analysis is shown in Table 4.20. 

4.5.3 Etch Depth and Particle count Plots 

Figure 4.21 shows the particle count and etch depth as a 

function of 13.56 MHz RF power at the center of the design. 

The dependence on 13.56 MHz RF power is very similar for both 

cases. Figure 4.22 shows that the particle count and etch 

depth dependence on flow rate at the design center are 

comparable. Figure 4.23 shows the particle count and etch 

depth as a function of 100 KHz power at the center of the 

design. The dependence on 100 KHz power is in the same 

direction. Figure 4.24 shows that particle count and etch 

depth dependence on etch time are analogous. 

4.5.4 Etch Rate Analysis 

Etch rate data is fitted to the second order model using 

regression analysis. The full second order model was used in 

performing analysis and ANOVA table as shown in Table 4.21. 

Etch rate is linearly dependent on 13.56 MHz RF power, 

pressure, and 100 KHz power, and has quadratic dependence on 
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flow rate. There is interaction between pressure and time, 

pressure and 100 KHz power, flow and time, and time and 100 

KHz power. 

R2 and RA2 are 0.961 and 0.889, respectively, indicating 

an good fit of the model to the data. The standard error of 

the estimate is 0.009 ILm/min which is 8.3% at the design 

center; therefore, the pure standard error is less than 8.3% 

at the design center. The analysis of variance indicate, with 

a confidence level greater than 99.9%, that the model explains 

the variations in the data. 

4.5.5 Correlation of Particle Count and Etch Depth 

To obtain a correlation or relationship between particle 

count and etch depth, regression analysis is performed by 

considering the etch depth as the independent variable and 

particle count as the dependent variable. Etch depth is 

proportional to the amount of silicon released, therefore, the 

result can give the relationship between particle count and 

silicon etching. The objective is to solve the equation: 

Particle count = A + B * Etch Depth + C * (Etch depth)2 

where A, B, and C are the regression coefficients. Also, the 

equation can be solved by assuming A, B or C is zero. 

Regression analysis indicates that A is zero and the 
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linear term with coefficient B can explain 90% of the 

variation, but a pure quadratic term can explain 93% of the 

variation. The linear fit indicates that 4152 particles are 

produced with every micrometer of etched silicon. 

4.5.6 Analysis of CF4/02/Ar Particle Size 

The particle counts in each bin or size category were 

analyzed (regressed) and fitted to the model. The results of 

the analysis are summarized in Table 4.22. Smaller particle 

deposition is predictable but larger particle deposition seems 

random. This suggests that only small particles are directly 
• 

process generated and are due to the variation of externally 

controlled plasma parameters. On the other hand, large 

particles are primarily produced due to other contamination 

sources, such as wafer handling, transport, and measurements. 

4.6 Comparison of SF(,1Ar and CFJ,/O~/Ar 

To aid in the comparison of the two chemistries studied, 

Table 4.23 is generated. This table lists the percentage 

change in particle count and etch depth, that is caused by one 

unit change of the input variable at the center of the design. 

The percentage is the amount of increase in the response value 

divided by the response value at the center of the 

experimental design. For example, a change in 13.56 MHz RF 



90 

power from 300 to 400 watts represents one scaled unit change. 

For this one unit change, the particle count increases by 1975 

particles, which is 13.5% of the center response of 14,674 

particles. 

This table shows that the most dominant parameters are 

time and flow rate. For the SF6/Ar case, a change in time from 

15 to 20 minutes causes a change in particle count by 41.8%. 

For CF4/02/Ar case, increasing time from 9 to 12 minutes causes 

an increase in particle count by 53.6%. For the SFo/Ar case, 

decreasing the flow rate from 70 to 45 SCCM decreases the 

particle count by 21%. On the other hand, increasing the flow 

by the same amount, from 70 to 95 SCCM, increases the particle 

count by only 2%. This non-linearity is due to the quadratic 

dependence of the flow rate. Particle count is sensitive to 

flow rate in the low flow rate region, but in the higher 

regions explored the particle count stays high. However, as 

the flow rate increases above the explored region, it appears 

that particle count drops rapidly. This region may be a good 

operating region as long as the etch rate remains high. In the 

SF6/Ar case, etch depth peaks when flow rate reaches 170 SCCM. 

For CF4 /02 / Ar case, the flow rate effect is predominantly 

linear. Decreasing flow rate from 70 to 45 SCCM decreases 

particle count by 42% and increasing the flow rate from 70 to 

95 SCCM increases particle count by 32%. 
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Table 4.1. Particle count raw data from the first SF"I Ar 
particle run. The columns represent the particle size ranges 
as measured by the Tencor 364 Surfscan in ~m2. 

13MHz Pressure Flow 

200 
400 
200 
400 
200 
400 
200 
400 
200 
400 
200 
400 
200 
400 
200 
400 
100 
500 
300 
300 
300 
300 
300 
300 
300 
300 
300 
300 
300 
300 
300 
300 

SO 
50 

110 
110 

SO 
SO 

110 
110 

SO 
50 

110 
110 
50 
50 

110 
110 
80 
80 
20 

140 
80 
80 
80 
80 
80 
80 
80 
80 
80 
80 
80 
80 

45 
!oS 
45 
45 
95 
95 
95 
95 
45 
45 
45 
45 
95 
95 
95 
95 
70 
70 
70 
70 
20 

120 
70 
70 
70 
70 
70 
70 
70 
70 
70 
70 

Time 100KHz 

10 
10 
10 
10 
10 
10 
10 
10 
20 
20 
20 
20 
20 
20 
20 
20 
15 
15 
15 
15 
15 
15 
5 

25 
15 
15 
15 
15 
15 
15 
15 
15 

20 
10 
10 
20 
10 
20 
20 
10 
10 
20 
20 
10 
20 
10 
10 
20 
15 
15 
15 
15 
15 
15 
15 
15 
5 

25 
15 
15 
15 
15 
15 
15 

.2-.4 .4-.7 .7-1.4 1.4-2.7 2.7-5.2 

5278 2427 927 143 54 
3~06 1469 448 80 31 
1992 543 100 6 7 
5228 2045 633 46 12 
2523 656 162 37 5 
8797 2917 689 66 56 
5709 1528 254 19 14 
3776 1044 223 18 21 
4950 850 132 18 13 
9792 5461 2168 197 10 

10011 6500 2875 304 41 
10050 4456 1288 81 15 
12484 7344 3052 275 7 
13787 4083 901 120 10 
8226 3418 988 67 25 

18685 8336 2038 119 25 
5826 2449 823 82 45 

18778 7123 4466 2088 2141 
9107 5513 2672 349 84 
9587 3119 688 40 10 
3039 1153 558 112 44 
9291 3747 1043 75 18 
1318 319 67 11 16 

13961 8640 3462 473 51 
3996 1117 237 33 14 
8773 1853 728 183 47 
9582 5037 1866 126 21 
9514 2687 486 
9850 5237 1898 

19 10 
121 10 

9067 4579 1622 88 23 
9955 5036 1849 163 67 
9683 4186 1398 108 15 

Total 

8922 
5984 
2651 
8014 
3400 

12624 
7638 
5130 
6007 

17600 
20013 
15953 
23208 
18976 
12795 
29277 
9366 

35000 
17829 
13481 
4973 

14234 
1763 

26536 
5413 

11031 
16698 
12777 
17136 
15401 
17203 
15453 
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Table 4.2. Particle count raw data from the second SF6/ Ar 
particle run. The columns represent the particle 
as measured by the Tencor 364 Surfscan in ~m2. 

size ranges 

13MHz Pressure Flow Time 100KHz .2- .4 .4-.7 .7-1.4 1.4-2.7 2.7·5.2 Total 

200 50 45 10 20 2206 494 215 95 83 3324 
400 50 45 10 10 1933 456 167 122 96 3044 
200 110 45 10 10 860 127 55 47 62 1294 
400 110 45 10 20 5143 2533 931 64 8 8693 
200 50 95 10 10 2208 605 245 115 68 3344 
400 50 95 10 20 7040 2916 947 68 46 11132 
200 110 95 10 20 4910 1846 497 39 17 7362 
400 110 95 10 10 2929 806 227 81 56 4333 
200 50 45 20 10 8104 1865 1207 375 196 12283 
400 50 45 20 20 10841 8276 4789 763 319 25751 
200 110 45 20 20 9639 7361 3828 304 25 21296 
400 110 45 20 10 8353 3607 1070 85 41 13298 
200 50 95 20 20 11459 7020 3171 336 65 22133 
400 50 95 20 10 11931 3836 1215 351 243 18757 
200 110 95 20 10 7539 3082 840 45 6 11542 
400 110 95 20 20 18155 6759 1624 164 92 27142 
100 80 70 15 15 5353 2051 618 46 14 8137 
500 80 70 15 15 10814 3822 1427 494 506 18621 
300 20 70 15 15 10332 6428 2681 273 63 19931 
300 140 70 15 15 7735 2128 507 157 126 11062 
300 80 20 15 15 3012 1152 321 55 22 4644 
300 80 120 15 15 8456 3637 1173 111 44 13526 
300 80 70 5 15 1692 379 68 11 11 2255 
300 80 70 25 15 15878 6260 1817 214 161 25096 
300 80 70 15 5 3234 860 700 445 278 6134 
300 80 70 15 25 13095 5192 1459 182 140 20504 
300 80 70 15 15 9481 4262 1281 116 43 15392 
300 80 70 15 15 8303 2511 962 440 360 13232 
300 80 70 15 15 7659 3041 1023 126 42 12009 
300 80 70 15 15 8068 3782 1368 345 165 13891 
300 80 70 15 15 8473 3958 1334 112 52 14051 
300 80 70 15 15 8509 3888 1188 87 26 13775 
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Table 4.3. Regression Coefficients and AN OVA Table for first 
SF6/Ar run using full second order model. Runs #18 & 26 were 
removed. 

DEP VAR:SF6 RUNl N: 30 MULTIPLE R: .990 SQUARED MULTIPLE R: .981 
ADJUSTED SQUARED MULTIPLE R: .938 STANDARD ERROR OF ESTIMATE: 1760.779 

VARIABLE COEFFICIENT STD ERROR STD COEF TOLERANCE T P(2 TAIL) 
CONSTANT 15762.726 707.146 0.000 22.291 0.000 

Xl 1819.206 429.413 0.213 0.8463201 4.236 0.002 
X2 -164.417 359.417 -0.021 .100E+Ol -0.457 0.658 
x3 1934.417 359.417 0.249 .100E+01 5.382 0.000 
X4 5792.167 359.417 0.747 .100E+01 16.115 0.000 
X5 3536.456 429.413 0.415 0.8463201 8.236 0.000 

X1*X1 -666.667 446.364 -0.076 0.8336134 ·1.494 0.169 
X1*X2 101.875 440.195 0.011 .100E+Ol 0.231 0.822 
Xl*X3 563.000 440.195 0.059 .100E+Ol 1.279 0.233 
X1*X4 665.125 440.195 0.070 .100E+Ol 1.511 0.165 
X1*X5 -841.000 440.195 -0.089 .100E+Ol -1.911 0.088 
X2*X2 -15.476 335.429 -0.002 0.9567901 -0.046 0.964 
X2*X3 -717.875 440.195 -0.076 .100E+Ol -1.631 0.137 
x2*X4 1234.000 440.195 0.130 .100E+Ol 2_803 0.021 
X2*X5 26.625 440.195 0.003 .100E+Ol 0.060 0.953 
X3*X3 -1528.351 335.429 -0.216 0.9567901 -4.556 0.001 
X3*X4 1341.375 440.195 0.141 .100E+Ol 3.047 0.014 
X3*X5 530.750 440.195 0.056 .100E+Ol 1.206 0.259 
X4*X4 -391.851 335.429 -0.055 0.9567901 -1.168 0.273 
X4*x5 1020.875 440.195 0.107 .100E+Ol 2.319 0.046 
X5*X5 -796.292 446.364 -0.091 0.8336134 -1. 784 0.108 

ANALYSIS OF VARIANCE 

SOURCE SUM-OF-SQUARES OF MEAN-SQUARE F-RATIO P 

REGRESSION .141539E+l0 20 .707697E+08 22.826 0.000 
RESIDUAL .27903'1 E+08 9 3100342.276 
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Table 4.4. Regression Coefficients and ANOVA Table for first 
SF6/Ar run using the modified model. 

DEP VAR:SF B PARTICLE RUNl N: 31 MULTIPLE R: .940 SQUARED MULTIPLE R: .884 
ADJUSTED SQUARED MULTIPLE R: .855 STANDARD ERROR OF ESTIMATE: 2644.895 

VARIABLE COEFFICIENT 
CONSTANT 15342.555 

Xl 2043.855 
X3 1934.417 
X4 5792.167 
x5 2818.167 

X3*X3 ·1369.927 
x5*X5 -1715 .302 

SOURCE SUM-OF-SQUARES 

REGRESSION . 127872E+10 
RESIDUAL . 167891E+09 

STD ERROR STD COEF TOLERANCE 
739.271 0.000 
596.019 0.240 0.9910090 
539.887 0.249 .100E+Ol 
539.887 0.746 .100E+01 
539.887 0.363 .100E+01 
490.725 ·0.195 0.9874331 
490.725 -0.245 0.9874331 

ANALYSIS OF VARIANCE 

OF MEAN-SQUARE 

6 . 213120E+09 
24 6995471.099 

F-RATIO 

30.465 

T P(2 TAIL) 
20.754 0.000 
3.429 0.002 
3.583 0.001 

10.728 0.000 
5.220 0.000 

-2.792 0.010 
-3.495 0.002 

P 

0.000 
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Table 4.5. Regression coefficients and ANOVA table for second 
SF6/Ar run using the full second order model. 

DEP VAR:SF. PART RUN2 N: 32 MULTIPLE R: .986 SQUARED MULTIPLE R: .973 
ADJUSTED SQUARED MULTIPLE R: .923 STANDARD ERROR OF ESTIMATE: 2023.041 

VARIABLE COEFFICIENT STD ERROR STD COEF TOLERANCE T P(2 TAIL) 
CONSTANT 13840.818 806.914 0.000 17.153 0.000 

Xl 2105.833 412.952 0.254 .100E+Ol 5.099 0.000 
X2 ·939.417 412.952 ·0.113 .100E+ol -2.275 0.044 
X3 1438.583 412.952 0.173 .100E+ol 3.484 0.005 
X4 6473.250 412.952 0.780 .100E+01 15.676 0.000 
x5 3653.250 412.952 0.440 .100E+ol 8.847 0.000 

Xl*Xl -202.318 373.529 -0.027 0.977n78 -0.542 0.599 
Xl*X2 -351.750 505.760 -0.035 .100E+Ol ·0.695 0.501 
Xl*X3 274.625 505.760 0.027 .100E+01 0.543 0.598 
Xl*X4 363.500 505.760 0.036 .100E+01 0.719 0.487 
Xl*X5 4n.125 505.760 0.047 .100E+01 0.943 0.366 
X2*X2 327.057 373.529 0.044 0.97nn8 0.876 0.400 
X2*X3 -322.875 505.760 -0.032 .100E+Ol -0.638 0.536 
X2*X4 -405.250 505.760 -0.040 .100E+01 -0.801 0.440 
x2*X5 569.625 505.760 0.056 .100E+Ol 1.126 0.284 
X3*X3 -1275.818 373.529 -0.1720.9777778 -3.416 0.006 
X3*X4 -179.375 505.760 -0.018 .100E+01 -0.355 0.730 
x3*x5 40.500 505.760 0.004 .100E+Ol 0.080 0.938 
X4*X4 -128.193 373.529 -0.017 0.9n7n8 -0.343 0.738 
X4*X5 1371.625 505.760 0.135 .100E+Ol 2.712 0.020 
X5*xs -217.318 373.529 ·0.029 0.9777778 ·0.582 0.572 

ANALYSIS OF VARIANCE 

SOURCE SUM-OF-SQUARES OF MEAN-SQUARE F-RATIO P 

REGRESSION .160671E+10 20 .803354E+08 19.629 0.000 
RESIDUAL .450196E+08 11 4092695.442 
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Table 4.6. Regression coefficients and ANOVA table for second 
SF6/Ar run using the modified second order model. 

DEP VAR:SF. PARTICLE N: 32 MULTIPLE R: .978 SQUARED MULTIPLE R: .957 
ADJUSTED SQUARED MULTIPLE R: .945 STANDARD ERROR OF ESTIMATE: 1715.817 

VARIABLE COEFFICIENT STD ERROR STD COEF TOLERANCE T P(2 TAIL) 
CONSTANT 13664.200 383.668 0.000 35.615 0.000 

Xl 2105.833 350.240 0.254 .100E+Ol 6.013 0.000 
X2 -939.417 350.240 -0.113 .100E+Ol -2.682 0.013 
X3 1438.583 350.240 0.173 .100E+Ol 4.107 0.000 
X4 6473.250 350.240 0.780 .100E+Ol 18.482 0.000 
X5 3653.250 350.240 0.440 .100E+Ol 10.431 0.000 

X3"X3 -1261.100 313.264 -0.170 .100E+Ol -4.026 0.000 
X4*X5 1371.625 428.954 0.135 .100E+Ol 3.198 0.004 

ANALYSIS OF VARIANCE 

SOURCE SUM-OF-SQUARES OF MEAN-SQUARE F-RATIO P 

REGRESSION . 158107E+l0 7 • 225867E+09 76.721 0.000 
RESIDUAL .706566E+08 24 2944026.623 
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Table 4.7. Regression analysis of first and second runs using 
blocking technique. The "BLOCK" variable is found to be 
insignificant. Analysis includes all 64 data points . 

DEP VAR:SFo PARTICLE N: 64 MULTIPLE R: . 938 SQUARED MULTIPLE R: .881 
ADJUSTED SQUARED MULTIPLE R: .821 STANDARD ERROR OF ESTIMATE: 3190.238 

VARIABLE COEFFICIENT STD ERROR STD COEF TOLERANCE T P(2 TAIL) 
CONSTANT 14911.386 899.768 0.000 16.572 0.000 

X1 2723.583 460.471 0.315 .100E+01 5.915 0.000 
x2 -551.917 460.471 -0.064 .100E+01 -1.199 0.237 
x3 1686_500 460.471 0.195 .100E+01 3.663 0.001 
X4 6132.708 460.471 0.710 .100E+01 13.318 0.000 
X5 3235.708 460.471 0.374 .100E+01 7.027 0.000 

X1*x1 597.489 416.512 o . 077 0.9777778 1.435 0.159 
X1*X2 -124.938 563.960 -0.012 .100E+01 -0.222 0.826 
X1*X3 418.813 563.960 0.040 .100E+01 0.743 0.462 
X1*X4 514.313 563.960 0.049 .100E+01 0.912 0.367 
X1*X5 -181.937 563.960 -0.017 .100E+01 -0.323 0.749 
X2*X2 46.176 416.512 0.006 0.9777778 0.111 0.912 
X2*X3 -520.375 563.960 -0.049 .100E+01 -0.923 0.361 
X2*X4 414.375 563.960 0.039 .100E+01 0.735 0.467 
X2*x5 298.125 563.960 0.028 .100E+01 0.529 0.600 
X3*X3 -1511.699 416.512 -0.1960.9777778 -3.629 0.001 
X3*X4 581.000 563.960 0.055 .100E+01 1.030 0.309 
X3*X5 285.625 563.960 0.027 .100E+01 0.506 0.615 
X4*X4 -369.636 416.512 -0.048 0.9777778 -0.887 0.380 
X4*X5 1196.250 563.960 0.113 .100E+01 2.121 0.040 
X5*X5 -1155.136 416.512 -0.149 0.9777778 -2.773 0.008 
BLOCK -398.406 398.780 ·0.053 .100E+01 -0.999 0.323 

ANALYSIS OF VARIANCE 

SOURCE SUM-OF-SQUARES OF MEAN-SQUARE F-RATlO P 

REGRESSION .315753E+10 21 . 150358E+09 14.773 0.000 
RESIDUAL .427460E+09 42 .101776E+08 
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AN OVA table 
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DEP VAR:SFa PARTICLE N: 62 MULTIPLE R: .973 SQUARED MULTIPLE R: .947 
ADJUSTED SQUARED MULTIPLE R: .922 STANDARD ERROR OF ESTIMATE: 1990.223 

VARIABLE COEFFICIENT STD ERROR STD COEF TOLERANCE T P(2 TAIL) 
CONSTANT 14674.893 562.557 0.000 26.086 0.000 

Xl 1975.676 303.903 0.236 0.9761526 6.501 0.000 
X2 ·551.917 287.264 ·0.069 .100E+Ol ·1.921 0.062 
X3 1686.500 287.264 0.210 .100E+Ol 5.871 0.000 
X4 6132.708 287.264 0.765 .100E+Ol 21.349 0.000 
X5 3611.723 303.903 0.431 0.9761526 11.884 0.000 

Xl*Xl ·394.004 288.764 ·0.050 0.9739296 ·1.364 0.180 
Xl*X2 ·124.938 351.825 ·0.013 .100E+Ol -0.355 0.724 
Xl*X3 418.813 351.825 0.043 .100E+Ol 1.190 0.241 
Xl*X4 514.313 351.825 0.052 .100E+Ol 1.462 0.151 
Xl*X5 ·181.937 351.825 -0.019 .100E+Ol -0.517 0.608 
X2*X2 176.544 262.505 0.024 0.9769331 0.673 0.505 
X2*X3 -520.375 351.825 ·0.053 .100E+Ol -1.479 0.147 
X2*X4 414.375 351.825 0.042 .100E+Ol 1.178 0.246 
X2*X5 298.125 351.825 0.030 .100E+Ol 0.847 0.402 
X3*X3 -1381.331 262.505 -0.191 0.9769331 -5.262 0.000 
x3*X4 581.000 351.825 0.059 .100E+Ol 1.651 0.106 
X3*X5 285.625 351.825 0.029 .100E+Ol 0.812 0.422 
X4*X4 -239.268 262.505 -0.033 0.9769331 -0.911 0.367 
X4*X5 1196.250 351.825 0.122 .100E+Ol 3.400 0.002 
x5*x5 -460.746 288.764 -0.058 0.9739296 -1. 596 0.118 

ANALYSIS OF VARIANCE 

SOURCE SUM-OF-SQUARES OF MEAN-SQUARE F-RATIO P 

REGRESSION .292263E+l0 20 .146131E+09 36.893 0.000 
RESIDUAL .162400E+09 41 3960986.572 

98 
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order 
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Table 4.9. Modified model regression coefficients and ANOVA 
table for the total particle count on silicon substrate in 
SF6/Ar. All non-significant terms have been removed. 

DEP VAR:SF. PARTICLE N: 62 MULTIPLE R: .958 SQUARED MULTIPLE R: .918 
ADJUSTED SQUARED MULTIPLE R: .909 STANDARD ERROR OF ESTIMATE: 2143.239 

VARIABLE COEFFICIENT STD ERROR STD COEF TOLERANCE T P(2 TAIL) 
CONSTANT 14042.094 348.514 0.000 40.291 0.000 

Xl 2018.550 323.494 0.240 0.9990668 6.240 0.000 
X3 1686.500 309.350 0.210 .100E+Ol 5.452 0.000 
X4 6132.708 309.350 0.764 .100E+Ol 19.825 0.000 
X5 3666.732 323.494 0.437 0.9990668 11.335 0.000 

X3*X3 -1370.755 279.668 -0.189 0.9981424 -4.901 0.000 
X4*X5 1196.250 378.875 0.122 .100E+Ol 3.157 0.003 

ANALYSIS OF VARIANCE 

SOURCE SUM-OF-SQUARES OF MEAN-SQUARE F-RATIO P 

REGRESSION .284280E+l0 6 .473800E+09 103.146 0.000 
RESIDUAL .252641E+09 55 4593472.328 
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Table 4.10. SF6/Ar total etch depth and etch rate data table. 

3MHz Pressure Flow Time 100KHz Etch Rate Etch Depth 
~\.Iatts2 mTorr SCCM Min \.Iatts Almin urn 
200 50 45 10 20 3000 3.0 
400 50 '45 10 10 2900 2.9 
200 110 45 10 10 3500 3.5 
400 110 45 10 20 3800 3.8 
200 50 95 10 10 4900 4.9 
400 50 95 10 20 5700 5.7 
200 110 95 10 20 3800 3.8 
400 110 95 10 10 4500 4.5 
200 50 45 20 10 2450 4.9 
400 50 45 20 20 4550 9.1 
200 110 45 20 20 2600 5.2 
400 110 45 20 10 4250 8.5 
200 50 95 20 20 7050 14.1 
400 50 95 20 10 4950 9.9 
200 110 95 20 10 4050 8.1 
400 110 95 20 20 8100 16.2 
100 80 70 15 15 3466 5.2 
500 80 70 15 15 6466 9.7 
300 20 70 15 15 5600 8.4 
300 140 70 15 15 5733 8.6 
300 80 20 15 15 1533 2.3 
300 80 120 15 15 6600 9.9 
300 80 70 5 15 5800 2.9 
300 80 70 25 15 4760 11.9 
300 80 70 15 5 4200 6.3 
300 80 70 15 25 4733 7.1 
300 80 70 15 15 4200 6.3 
300 80 70 15 15 4600 6.9 
300 80 70 15 15 4266 6.4 
300 80 70 15 15 5000 7.5 
300 80 70 15 15 4933 7.4 
300 80 70 15 15 4933 7.4 
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Table 4.11 Total etch depth produced by SF6 /Ar plasma 
regression coefficients and ANOVA table. The full second order 
model is used in the analysis • 

DEP VAR: SF. DEPTH N: 31 
ADJUSTED SQUARED MULTIPLE R: 

VARIABLE COEFFICIENT 
CONSTANT 7.010 

Xl 1.179 
X2 0.238 
X3 1.988 
X4 2.321 
X5 0.379 

Xl*Xl 0.090 
Xl*X2 1.119 
Xl*X3 0.244 
Xl*X4 0.218 
Xl*X5 -0.119 
X2*X2 0.352 
X2*X3 0.194 
X2*X4 -0.332 
X2*X5 -0.694 
X3*X3 -0.248 
X3*X4 0.543 
X3*X5 0.306 
X4*X4 0.077 
X4*X5 1.182 
X5*x5 -0.098 

SOURCE SUM-OF-SQUARES 

REGRESSION 
RESIDUAL 

316.383 
2.519 

MULTIPLE R: • 996 SQUARED MULTIPLE R: .992 
.976 STANDARD ERROR OF ESTIMATE: 

STD ERROR STO COEF TOLERANCE 
0.201 0.000 
0.119 0.3170.7776326 
0.119 0.064 0.7776326 
0.119 0.533 0.7776326 
0.119 0.623 0.7776326 
0.119 0.102 0.7776326 
0.094 0.027 0.9501916 
0.154 0.242 0.7052968 
0.154 0.053 0.7052968 
0.154 0.047 0.7052968 
0.154 -0.026 0.7052968 
0.094 0.108 0.9501916 
0.154 0.042 0.7052968 
0.154 -0.072 0.7052968 
0.154 -0.150 0.7052968 
0.094 -0.076 0.9501916 
0.154 0.118 0.7052968 
0.154 0.066 0.7052968 
0.094 0.024 0.9501916 
0.154 0.256 0.7052968 
0.094 -0.030 0.9501916 

ANALYSIS OF VARIANCE 

OF MEAN-SQUARE 

20 
10 

15.819 
0.252 

F-RATIO 

62.809 

T 
34.902 
9.932 
2.002 

16.739 
19.542 
3.191 
0.954 
7.245 
1.580 
1.414 

·0.771 
3.745 
1.257 

'2.147 
·4.494 
-2.631 
3.518 
1.9BO 
0.823 
7.650 

-1.037 

p 

0.000 

0.502 

P(2 TAIL) 
0.000 
0.000 
0.073 
0.000 
0.000 
0.010 
0.363 
0.000 
0.145 
0.188 
0.458 
0.004 
0.237 
0.057 
0.001 
0_025 
0.006 
0.076 
0.429 
0.000 
0.324 
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Ta~le 4.12 Etch rate of silicon in an SF6/Ar plasma regression 
coefficients and ANOVA table. The full second order model is 
used in the analysis. 

DEP VAR:SFa ETCHRATE N: 31 MULTIPLE R: .986 S~IARED MULTIPLE R: .972 
ADJUSTED SQUARED MULTIPLE R: .915 STANDARD ERROR OF ESTIMATE: 410.056 

VARIABLE COEFFICIENT STD ERROR STD COEF TOLERANCE T P(2 TAIL) 
CONSTANT 4694.348 164.102 0.000 28.606 0.000 

X1 792.809 97.028 0.493 0.m6326 8.171 0.000 
X2 208.059 97.028 0.129 O. m6326 2.144 0.058 
X3 1323.392 97.028 0.823 0.m6326 13.639 0.000 
X4 -75.309 97.028 -0.0470.m6326 -0.776 0.456 
X5 105.775 97.028 0.066 0.m6326 1.090 0.301 

X1*X1 38.652 76.886 0.027 0.9501916 0.503 0.626 
X1*X2 726.713 126.206 0.365 0.7052968 5.758 0.000 
X1*X3 320.463 126.206 0.161 0.7052968 2.539 0.029 
X1*X4 -101. 713 126.206 -0.051 0.7052968 -0.806 0.439 
X1*X5 -101. 713 126.206 -0.051 0.7052968 -0.806 0.439 
X2*X2 213.m 76.886 0.152 0.9501916 2.780 0.019 
X2*X3 139.213 126.206 0.070 0.7052968 1.103 0.296 
X2*X4 -295.463 126.206 -0.148 0.7052968 -2.341 0.041 
X2*X5 -545.463 126.206 -0.274 0.7052968 -4.322 0.002 
X3*X3 -186.223 76.886 -0.1320.9501916 -2.422 0.036 
X3*X4 -64.213 126.206 -0.032 0.7052968 -0.509 0.622 
X3*X5 -14.213 126.206 -0.007 0.7052968 -0.113 0.913 
X4*X4 117.152 76.886 0.083 0.9501916 1.524 0.159 
X4*X5 732.963 126.206 0.368 0.7052968 5.808 0.000 
X5*X5 -86.223 76.886 -0.061 0.9501916 -1.121 0.288 

ANALYSIS OF VARIANCE 

SOURCE SUM-OF-SQUARES OF MEAN-SQUARE F-RATIO P 

REGRESSION • 577372E+08 20 2886862.138 17.169 0.000 
RESIDUAL 1681459.632 10 168145.963 
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Table 4.13. Particle size analysis for SF6/Ar . 

• 
0.2-0.4 • 4-.7 .7-1. 4 1. 4-2.7 2.7-5.2 

J.1.m2 J.1.m2 J.1.m2 J.1.m2 J.1.m2 
------- ----- ------ ------ ------

R .981 .945 .893 .708 .542 
R2 .962 .893 .798 .502 .293 
R 2 

A .944 .84 .699 .258 .0 
err 956 910 556 129 97 
Avg. 9042 4008 1348 162 79 
%err 10.5 22.7 41.3 79.6 123 
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Table 4.14. CF4/02/Ar particle count first run raw data. The 
columns represent the particle size ranges as measured by the 
Tencor 364 Surfscan. 

13MHz Pressure Flow Time 100KHz Total .2-.4 .4-.7 .7-1.4 1.4-2.7 2.7-5.2 

200 50 45 10 20 642 494 52 40 22 17 
400 50 45 10 10 353 182 44 33 32 20 
200 110 45 10 10 322 150 62 52 34 12 
400 110 45 10 20 1097 887 104 41 27 24 
200 50 95 10 10 2087 1270 406 181 96 57 
400 50 95 10 20 4421 2274 1305 711 67 39 
200 110 95 10 20 3638 1876 1172 422 66 47 
400 110 95 10 10 6041 2751 1662 1042 358 135 
200 50 45 20 10 4516 2466 1404 425 103 57 
400 50 45 20 20 4393 2089 1268 643 162 120 
200 110 45 20 20 5580 2909 1710 899 29 16 
400 110 45 20 10 5627 2754 1784 955 41 34 
200 50 95 20 20 11128 4713 3325 2401 580 58 
400 50 95 20 10 10965 4778 3227 2415 472 39 
200 110 95 20 10 8876 3109 2334 1940 326 216 
400 110 95 20 20 16963 7459 4824 3569 972 79 
100 80 70 15 15 3963 1997 1199 654 27 11 
500 80 70 15 15 7785 3070 2163 1943 468 75 
300 20 70 15 15 5102 2197 1520 1188 93 35 
300 140 70 15 15 6278 2791 1851 1431 134 17 
300 80 20 15 15 887 298 176 194 120 54 
300 80 120 15 15 10961 3685 2923 2986 1143 140 
300 80 70 5 15 495 94 82 114 57 53 
300 80 70 25 15 15121 4473 4052 4298 2052 126 
300 80 70 15 5 5634 3870 1187 367 107 44 
300 80 70 15 25 7225 2909 2153 1710 231 78 
300 80 70 15 15 6935 2741 2047 1749 317 39 
300 80 70 15 15 7047 2643 2027 1886 369 64 
300 80 70 15 15 7222 2283 1445 1059 207 211 
300 80 70 15 15 5271 2441 1663 924 90 36 
300 80 70 15 15 6165 2907 1788 1168 162 75 
300 80 70 15 15 7784 3395 2157 1502 240 103 
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Table 4.15. CF4/02/Ar particle count second run raw data. The 
columns represent the particle size ranges as measured by the 
Tencor 364 Surfscan. 

13MHz Pressure Flow Time 100KHz Total .2-.4 .4-.7 .7-1.4 1.4-2.7 2.7-5.2 

200 50 45 10 20 972 712 72 45 42 26 
400 50 45 10 10 3024 1438 367 380 269 199 
200 110 45 10 10 4398 2270 843 637 374 183 
400 110 45 10 20 2465 1243 334 384 228 118 
200 50 95 10 10 2290 1633 341 93 41 32 
400 50 95 10 20 5547 2431 1586 947 267 159 
200 110 95 10 20 3955 2480 1062 299 29 29 
400 110 95 10 10 4618 2853 1262 271 96 61 
200 50 45 20 10 5087 2795 1553 482 95 74 
400 50 45 20 20 
200 110 45 20 20 5190 2779 1570 737 43 32 
400 110 45 20 10 6258 3248 1871 819 107 80 
200 50 95 20 20 11970 4455 6522 30n 739 72 
400 50 95 20 10 12724 5765 3156 2526 716 270 
200 110 95 20 10 11398 3663 3095 3847 695 57 
400 110 95 20 20 15203 6072 4122 3608 1021 179 

100 80 70 15 15 4691 2444 1408 6n 92 24 
500 80 70 15 15 76n 3281 2073 1525 413 235 
300 20 70 15 15 7667 2600 1685 1491 975 691 
300 140 70 15 15 6383 2815 1682 1212 406 168 
300 80 20 15 15 765 232 104 137 103 68 
300 80 120 15 15 7607 3425 2265 1169 194 18 
300 80 70 5 15 458 235 83 50 21 4 
300 80 70 25 15 11166 4374 3187 2747 752 44 
300 80 70 15 5 3652 2128 903 296 158 84 
300 80 70 15 25 4969 2628 1392 729 135 40 

300 80 70 15 15 4718 2349 1437 899 12 5 
300 80 70 15 15 5279 2559 1484 973 145 73 
300 80 70 15 15 5329 2708 1624 767 91 56 
300 80 70 15 15 6367 3173 1950 1136 54 29 
300 80 70 15 15 6149 2982 1655 975 196 143 
300 80 70 15 15 6610 3154 1996 1191 72 53 
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Table 4.16. CF4/02/Ar particle count regression coefficients 
and ANOVA Table using the full second order model. 

DEP VAR: Cf4 PARTICLE N: 63 MULTIPLE R: .967 SQUARED MULTIPLE R: .934 
ADJUSTED SQUARED MULTIPLE R: .903 STANDARD ERROR Of ESTIMATE: 1170.673 

VARIABLE 
CONSTANT 

X1 
X2 
X3 
X4 
X5 

X1*X1 
X2*X2 
X3*X3 
X4*X4 
X5*X5 

X1*X2 
X1*X3 
X1*X4 
X1*X5 
X2*X3 
X2*X4 
X2*X5 
X3*X4 
X3*X5 
X4*X5 

COEFFICIENT 
6240.326 
759.511 
335.489 

2302.947 
3038.886 
324.720 

·53.326 
28.799 

-296.826 
141.924 

-218.076 

218.420 
607.483 
134.892 
49.017 
87.517 
60.108 

104.233 
1189.420 
558.795 
330.080 

STD ERROR 
330.294 
172.083 
172.083 
172.083 
172.083 
172.083 

153.099 
153.099 
153.099 
153.099 
153.099 

212.638 
212.638 
212.638 
212.638 
212.638 
212.638 
212.638 
212.638 
212.638 
212.638 

STD COEf TOLERANCE 
0.000 
0.1760.9850163 
0.078 0.9850163 
0.533 0.9850163 
0.704 0.9850163 
0.075 0.9850163 

-0.014 0.9755179 
0.008 0.9755179 

-0.078 0.9755179 
0.037 0.9755179 

-0.057 0.9755179 

0.041 0.9782557 
0.114 0.9782557 
0.025 0.9782557 
0.009 0.9782557 
0.016 0.9782557 
0.011 0.9782557 
0.020 0.9782557 
0.224 0.9782557 
0.105 0.9782557 
0.062 0.9782557 

ANALYSIS Of VARIANCE 

SOURCE SUM-Of-SQUARES Of MEAN-SQUARE F-RATIO 

29.860 REGRESSION • 818449E+09 20 .409225E+08 
RESIDUAL • 575600E+08 42 1370476.356 

T P(2 TAIL) 
18.893 0.000 
4.414 0.000 
1.950 0.058 

13.383 0.000 
17.659 0.000 
1.887 0.066 

-0.348 
0.188 

-1.939 
0.927 

-1.424 

P 

1.027 
2.857 
0.634 
0.231 
0.412 
0.283 
0.490 
5.594 
2.628 
1.552 

0.000 

0.729 
0.852 
0.059 
0.359 
0.162 

0.310 
0.007 
0.529 
0.819 
0.683 
0.779 
0.627 
0.000 
0.012 
0.128 
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Table ... 17. CF4/02/Ar particle count regression coefficients 
and ANOVA Table using the modified second order model. 

DEP VAR: CF4 PARTICLE N: 63 MULTIPLE R: .960 SQUARED MULTIPLE R: .922 
ADJUSTED SQUARED MULTIPLE R: .909 STANDARD ERROR OF ESTIMATE: 1136.183 

VARIABLE COEFFICIENT STD ERROR STD COEF TOLERANCE T pe2 TAIL) 
CONSTANT 6156.728 180.360 0.000 34.136 0.000 

X1 754.421 166.155 0.175 0.9952231 4.540 0.000 
X2 340.579 166.155 0.079 0.9952231 2.050 0.045 
X3 2308.037 166.155 0.535 0.9952231 13.891 0.000 
X4 3033.796 166.155 0.703 0.9952231 18.259 0.000 
X5 319.630 166.155 0.074 0.9952231 1.924 0.060 

X3"'X3 ·291.132 146.778 ·0.076 0.9997334 ·1.983 0.053 

X1"'X3 615.118 204.807 0.116 0.9932670 3.003 0.004 
X3"'X4 1197.056 204.807 0.225 0.9932670 5.845 0.000 
X3"'X5 566.431 204.807 0.1070.9932670 2.766 0.008 

ANALYSIS OF VARIANCE 

SOURCE SUM·OF-SQUARES OF MEAN-SQUARE F-RATIO P 

REGRESSION .807591E+09 9 .897323E+08 69.511 0.000 
RESIDUAL • 684184E+08 53 1290912.709 
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Table 4.18. CF4/02/Ar total etch depth and etch rate data 
table. 

RF Pressure Flow Time 100KHz Etch Etch 
Power Rate Power Depth Rate 
(watts) (mtorr) (SCCM) (Min) (watts) (um) (um/min) 
__________________________________________________________ MM. 

200 50 45 10 20 0.795 0.080 
400 50 45 10 10 0.550 0.055 
200 110 45 10 10 0.705 0.071 
400 110 45 10 20 0.960 0.096 
200 50 95 10 10 0.845 0.085 
400 50 95 10 20 1.455 0.146 
200 110 95 10 20 1.465 0.147 
400 110 95 10 10 1.545 0.155 
200 50 45 20 10 1.485 0.074 
400 50 45 20 20 1.795 0.090 
200 110 45 20 20 1.795 0.090 
400 110 45 20 10 1.855 0.093 
200 50 95 20 20 2.375 0.119 
400 50 95 20 10 2.510 0.126 
200 110 95 20 10 2.250 0.113 
400 110 95 20 20 2.280 0.114 
100 80 70 15 15 1.250 0.083 
500 80 70 15 15 1.550 0.103 
300 20 70 15 15 1.360 0.091 
300 140 70 15 15 1.775 0.118 
300 80 20 15 15 0.520 0.035 
300 80 120 15 15 1.995 0.133 
300 80 70 5 15 0.525 0.105 
300 80 70 25 15 2.540 0.102 
300 80 70 15 5 1.265 0.084 
300 80 70 15 25 1.940 0.129 
300 80 70 15 15 1.625 0.108 
300 80 70 15 15 1.585 0.106 
300 80 70 15 15 1.470 0.098 
300 80 70 15 15 1.855 0.124 
300 80 70 15 15 1.765 0.118 
300 80 70 15 15 1.575 0.105 
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Table 4.19 CF4/02/Ar total etch depth regression coefficients 
and ANOVA table. The full second order model is used in the 
analysis. 

DEP VAR: DEPTH N: 32 MULTIPLE R: .988 SQUARED MULTIPLE R: .976 
ADJUSTED SQUARED MULTIPLE R: .932 STANDARD ERROR Of ESTIMATE: 0.146 

VARIABLE COEffiCIENT STO ERROR STO COEf TOLERANCE T P(2 TAIL) 
CONSTANT 1.625 0.058 0.000 27.817 0.000 

X1 0.076 0.030 0.119 .100E+01 2.557 0.027 
X2 0.078 0.030 0.122 .100E+01 2.613 0.024 
X3 0.322 0.030 0.503 .100E+01 10.n8 0.000 
X4 0.502 0.030 0.785 .100E+01 16.798 0.000 
X5 0.105 0.030 0.164 .100E+01 3.518 0.005 
X1*X1 ·0.041 0.027 -0.071 0.9n7n8 -1.513 0.159 
X2*X2 0.001 0.027 0.002 0.9n7n8 0.036 0.972 
X3*X3 -o.on 0.027 -0.134 0.9n7n8 -2.830 0.016 
X4*X4 -0.008 0.027 -0.014 0.9n7778 -0.288 0.779 
X5*X5 0.010 0.027 0.017 0.9n7778 0.359 0.726 
X1*X2 -0.024 0.037 -0.031 .100E+01 -0.657 0.525 
X1*X3 0.030 0.037 0.038 .100E+01 0.811 0.435 
X1*X4 -0.010 0.037 -0.013 .100E+01 -0.282 0.783 
X1*X5 -0.070 0.037 -0.089 .100E+01 -1.903 0.084 
X2*X3 -0.021 0.037 -0.027 .100E+01 -0.572 0.579 
X2*X4 -0.063 0.037 -0.081 .100E+01 -1.732 0.111 
X2*X5 -0.055 0.037 -0.071 .100E+01 -1.510 0.159 
X3*X4 0.012 0.037 0.015 .100E+01 0.316 0.758 
X3*X5 -0.020 0.037 -0.026 .100E+01 -0.555 0.590 
X4*X5 -0.055 0.037 ; -0.071 .100E+01 -1.510 0.159 

ANALYSIS Of VARIANCE 

SOURCE SUM-Of-SQUARES OF MEAN-SQUARE F-RATIO P 

REGRESSION 9.601 20 0.480 22.371 0.000 
RESIDUAL 0.236 11 0.021 
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Table 4.20 Total etch depth produced by CF4/OliAr plasma 
regression coefficients and ANOVA table. The modified second 
order model is used in the analysis. 

DEP VAR: Cf4 DEPTH N: 32 MULTIPLE R: .970 SQUARED MULTIPLE R: .942 
ADJUSTED SQUARED MULTIPLE R: .928 STANDARD ERROR Of ESTIMATE: 0.151 

VARIABLE COEffICIENT STD ERROR STD COEf TOLERANCE T P(2 TAIL) 
CONSTANT 1.595 0.034 0.000 47.140 0.000 

X1 0.076 0.031 0.119 .100E+01 2.476 0.020 
X2 0.078 0.031 0.122 .100E+01 2.530 0.018 
X3 0.322 0.031 0.503 .100E+01 10.435 0.000 
X4 0.502 0.031 0.785 .100E+01 16.263 0.000 
X5 0.105 0.031 0.164 .100E+01 3.406 0.002 

X3*X3 -0.074 0.028 -0.129 .100E+01 -2.679 0.013 

ANALYSIS Of VARIANCE 

SOURCE SUM-Of-SQUARES Of MEAN-SQUARE f-RATIO P 

REGRESSION 9.265 6 1.544 67.451 0.000 
RESIDUAL 0.572 25 0.023 
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Tahle 4.21 Etch rate in CF4/OZ/Ar plasma regression 
coefficients and ANOVA table. The full second order model is 
used in the analysis. units is um/min. 

DEP VAR:ETCHRATE N: 32 MULTIPLE R: .98D SQUARED MULTIPLE R: .961 
ADJUSTED SQUARED MULTIPLE R: .889 STANDARD ERROR Of ESTIMATE: D.00866 

VARIABLE COEFFICIENT STD ERROR STD COEf TOLERANCE T P(2 TAIL) 
CONSTANT 0.10835 0.00345 0.00000 .31E+02 0.00000 

X1 0.00570 0.00177 0.19262 .100E+01 3.22322 0.00811 
X2 0.00663 0.00177 0.22408 .100E+01 3.74962 0.00321 
X3 0.02295 0.00177 0.77601 .100E+01 • 13E+02 0.00000 
X4 -0.00090 0.00177 -0.03035 .100E+01 -0.50794 0.62153 
X5 0.00834 0.00177 0.28207 .100E+01 4.71992 0.00063 

X1*X1 -0.00272 0.00160 -0.10292 0.9777778 -1.70287 0.11664 
X1*X2 -0.00130 0.00217 -0.03580 .100E+01 -0.59900 0.56131 
X1*X3 0.00361 0.00217 0.09963 .100E+01 1 :66709 0.12368 
X1*X4 -0.00270 0.00217 -0.07461 .100E+01 -1.24852 0.23776 
X1*X5 -0.00470 0.00217 -0.12982 .100E+01 -2.17227 0.05257 
X2*X2 0.00007 0.00160 0.00260 0.9777778 0.04300 0.96648 
X2*X3 0.00017 0.00217 0.00474 .100E+01 0.07939 0.93815 
X2*X4 -0.00639 0.00217 -0.17640 .100E+01 -2.95169 0.01317 
X2*X5 -0.00489 0.00217 -0.13499 .100E+01 -2.25887 0.04518 
X3*X3 -0.00510 0.00160 -0.19268 0.9777778 -3.18817 0.00863 
X3*X4 -0.00661 0.00217 -0.18243 .100E+01 -3.05273 0.01099 
X3*X5 -0.00092 0.00217 -0.02545 .100E+01 -0.42579 0.67847 
X4*X4 -0.00023 0.00160 -0.008740.9777778 -0.14462 0.88763 
X4*X5 -0.00598 0.00217 -0.16518 .100E+01 -2.76405 0.01842 
X5*x5 0.00065 0.00160 0.02465 0.9777778 0.40780 0.69124 

ANALYSIS Of VARIANCE 

SOURCE SUM-Of-SQUARES DF MEAN-SQUARE F-RATIO P 

REGRESSION 
RESIDUAL 

0.02018 20 
0.00083 11 

0.00101 ~3.45007 
0.00008 

0.00004 
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Table 4.22. Particle size analysis for CF4/02lAr. compare model 
fitting which shows the random behavior of large size 
particles. 

0.2-0.4 0.4-0.7 0.7-1.4 1. 4-2.7 Total 
/Jm2 /Jm2 /Jm2 /Jm2 /Jm2 

------ ------ ------ ------ ------
R .961 .953 .932 .795 .967 
R2 .923 .907 .868 .632 .934 
R 2 

A .886 .863 .805 .457 .903 
err 482 453 458 264 1170 
Avg. 2726 1751 1215 193 6240 
%err 17.68 25.9 37.7 136.8 18.7 
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Table 4.23. Comparison of particle count and etch depth for 
SF6/Ar and CF4/02/Ar. This table shows the percentage of change 
in the response for one scaled unit of each variable. 

RF Power 
100 KHz 
Pressure 
Time 

Flow Rate 

RF Power 
100 KHz 
Pressure 
Time 

Flow Rate 

Particle Count 
+13.5% 
+24.6% 
-+3.7 
+41.8 

-21,+2 

SF6/Ar 
Etch Depth 
+16.8% 
-+5.4 

+3.4 
+33.1 

-32,+24.8 

CF4/02/Ar 
Particle Count Etch Depth 

+12.2% 
-+5.2 

+5.5 
+53.6 

-42.2,+32.7 

+4.7% 
+6.5 
+4.8 

+30.9 

-24.5,+15.1 
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Figure 4.2 Particle deposition vs 13.56 MHz RF power with time 
as a parameter. Flow rate (70 SeCM) , pressure (80 mTorr), and 
100 KHz power (15 watts) are fixed at the center of the 
statistical design. 
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Figure 4.3 Particle deposition vs flow rate with time as a 
parameter. 13.56 MHz RF power (300 watts), pressure (80 
mTorr), and 100 KHz power (15 watts) are fixed at the center 
of the statistical design. 
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Fiqure 4.4 Particle deposition vs 100 KHz power with time as 
a parameter. Flow rate (70 SeCM), pressure (80 mTorr), and 
13.56 MHz RF power (300 watts) are fixed at the center of the 
statistical design. 
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Figure 4.5 SEM micrograph of a particle generated in SF6/Ar 
plasma. Similar particles were analyzed using AES. 
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(a) 

(b) 

( c) 

Figure 4.6 Auger spectra for SF~Ar Plasma of a) silicon wafer 
surface before sputtering, b) particle before sputtering, and 
d) particle after sputtering. 



p 

• r 
t 
i 
c 
I 
e 

C 
0 
u 
D 
t 

J: 
t 
0 
0 
0 

to 

8 

6 

.. 
2 

0 

120 

Particle Diameter vs Count 
SF61 Ar, Central Point 

, 

/ 

.35· ... 5 .45·.85 .85.1.7 l. 7.2. 7 2.7.5.0 

Particle diameter (um) 

Figure 4.7 Particle deposition vs particle size representing 
13.56 MHz RF power (300 watts), pressure (80 mTorr), flow rate 
(70 SCCM) , time (15 min), and 100 KHz power (15 watts) are at 
the center of the statistical design. 
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Figure 4.8 A typical etch step as seen by the Tencor 200 
Alpha-Step profilometer. 
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Piqure 4.9 Particle deposition and etch depth vs 13.56 MHz RF 
power in SF6/Ar plasma. Flow rate (70 SeCM), pressure (80 
mTorr), 100 KHz power (15 watts), and time (15 min) are fixed 
at the center of the statistical design. 
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pigure 4.10 Particle deposition and etch depth vs flow rate in 
SF

6
/Ar. 13.56 MHz RF power (300 watts), pressure (80 mTorr), 

1~0 KHz power (15 watts), and time (15 min) are fixed at the 
center of the statisttcal design. 
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Piqure ... 11 Particle deposition and etch depth vs 100 KHz 
power in SF6/Ar plasma. Flow rate (70 SeCM) , pressure (80 
mTorr), 13.56 MHz RF power (300 watts), and time (15 min) are 
fixed at the center of the statistical design. 
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Fiqura ". 12 Particle deposition and etch depth vs time in 
SF6/Ar plasma. 13.56 MHz RF power (300 watts), pressure (80 
mTorr), 100 KHz power (15 watts), and flow rate (70 SeCM) are 
fixed at the center of the statistical design. 



126 

PARTICLE 

60000 

50000 

40000 

30000 

• 
20000 

• 10000 
• • 

0 

0 10 20 30 40 50 
CF. X 

Figure 4.13. Particle count vs the percentage of CF4/02 in Ar. 
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P'iqure 4.14 CF./02/Ar particle deposition vs 13.56 MHz RF power 
with time as a parameter. Flow rate (70 SeeM), pressure (80 
mTorr), and 100 KHz power (15 watts) are fixed at the center 
of the statistical design. 
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p'iqure ... 15 CF./02/ Ar particle deposition vs flow rate with 
time as a parameter. 13.56 MHz RF power (300 watts), pressure 
(80 mTorr), and 100 KHz power (15 watts) are fixed at the 
center of the statistical design. 



p 

• r 
t 
I 
0 
I 
• 
C 
0 
u 
n 
t 

x 
1 
0 
0 
0 

Particle Count vs 100KHz Power & Time 
CF4/021 Ar,RF Power-300,Flow·70 SCCM 

14 

12 

10 

8 

6 

4 

2 

129 

0 TIME 
8 7.8 10 12.8 18 17.5 20 22.8 28 

100KHz Power (Watts) 

p'iqure ... 16 CF./02/Ar particle deposition vs 100 KHz power with 
time as a parameter. Flow rate (70 SCCM), pressure (80 mTorr), 
and 13.56 MHz RF power (300 watts) are fixed at the center of 
the statistical design. 
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center of the statistical design. 
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Fiqure 4.18 SEM micrograph of a particle generated in CF4/02/Ar 
plasma. Similar particles were analyzed using AES. 
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p'iqura ... 19 Auger Spectra for CF./02/Ar plasma of a) silicon 
surface before sputtering, b) silicon surface after 
sputtering, c) particle before sputtering, and d) particle 
after sputtering. 



Col • .-
Col 

Z 

• I 

+ J- f-.. __ .• --

; ! 
2 ••. _- -

t • 
1-· ... - .. - . 

18. ZII ile~ .81 se~ 6 .. 1" aee 3ee I ee~ 

16/13/'1 crAPIS y~ 

.. ---1 
o--------------------------__ ~ ______ ~,~, __ , __ ~,J 

KINETIC ENERGY, .v 

Figura 4.19 Cont'd 

133 

(c) 

Cd) 



S 
F 
6 
I 
A 
r 

C 
0 
u 
n 
t 

x 
1 
0 
0 
0 

Particle Diameter vs Count 
Central Point 

10 3000 

8 2500 

2000 
6 

1500 
4 

1000 

2 500 

0 0 
.35-.45 .46-.85 .85-1.7 1.7-2.7 2.7-5.0 

Particle diameter (urn) 

~ SF6/Ar _ CF4/02/Ar 

134 

C 
F 
4 
I 
0 
2 
I 
A 
r 

C 
0 
u 
n 
t 

P'iqura 4.20 CF4/02/Ar and SF6/Ar particle deposition vs 
particle size representing 13.56 MHz RF power, pressure, flow 
rate, time, and 100 KHz power are fixed at the center of the 
statistical design. 
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Fiqure 4.21 Particle deposition and etch depth vs 13.56 MHz RF 
power. Flow rate (70 SCCM) , pressure (80 mTorr), 100 KHz power 
(15 watts), and time (9 min) are fixed at the center of the 
statistical design. 
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Piqura 4.22 Particle deposition and etch depth vs flow rate. 
13.56 MHz RF power (300 watts), pressure (80 mTorr), 100 KHz 
power (15 watts), and time (9 min) are fixed at the center of 
the statistical design. 
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Figura 4.23 Particle deposition and etch depth vs 100 KHz 
power in CF4/02/Ar plasma. Flow rate (70 SCCM) , pressure (80 
mTorr), 13.56 MHz RF power (300 watts), and time (9 min) are 
fixed at the center of the statistical design. 
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Particle Count It Etch Depth vs Time 
CF4/021Ar, Design Center 
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Figure 4.24 Particle deposition and etch depth vs time. 13.56 
MHz RF power (300 watts), pressure (80 mTorr), 100 KHz power 
(15 watts), and flow rate (70 SeCM) are fixed at the center of 
the statistical design. 



CHAPTER 5 

DISCUSSION 

This chapter will discuss the effects of the input 

variables (13.56 MHz RF power, pressure, flow rate, time, and 

100 KHz power) on the response variables (particle deposition, 

etch depth, and etch rate). Speculated interpretations of the 

cause for the particular behavior are offered. 

For all plasma parameters the particle count and etch 

rate are closely related. At the center of the statistical 

design, this relation indicates that 1880 particles per micron 

of etched silicon for SFo/Ar and 4152 particles per micron of 

etched silicon for CF.f/021 Ar. Therefore, particle production in 

CF4/021 Ar plasma is more copious than in SFol Ar. This 

difference may be due to fact that CF~ plasma produces more 

polymer than SFo which results in an increase in nucleation 

site production. 

5.1 Power Effects 

This study utilizes two power sources at two different 

frequencies connected in the triode mode configuration. As 

discussed before, the 13.56 MHz RF power is connected to the 
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sidewall electrode while 100 KHz power is connected to the 

wafer electrode. In the diode mode, generation of reactive 

species, sustaining the plasma, and ion bombardment energy are 

determined by a single power source at 13.56 MHz. Typically, 

power is connected to the wafer electrode. Since ion 

bombardment is necessary for anisotropic etching, it is 

essential for advanced device fabrication [32]. In the 

triode mode, ion bombardment energy is controlled semi

independently. Sustaining the plasma and reactive species 

generation is controlled by the 13.56 MHz RF power source and 

ion energy is determined by a by the 100 KHz second power 

source. Ion energy and flux are directly determined by the 

wafer electrode power at 100 KHz. 

5.1.1 13.56 MHz RF Power Effects 

In both SFo/ Ar and CF~/Od Ar chemistries, particle count 

and etch depth (or etch rate) increase linearly with 

increasing 13.56 MHz RF power. In chapter 4, Figure 4.2 and 

Figure 4.14, show that particle count has a linear dependence 

on 13~56 RF power and time. The slope of the linear dependence 

of particle count on 13.56 MHz RF power is the same at all 

discrete times. 

In the SFo/Ar case, if all other parameters besides 13.56 

MHz RF power are held at the center of the statistical design, 
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13.56 MHz RF power contributes 20 particles/watt. That is, 

particle count increases by 8000 particles when the power 

increase from 100 to 500 watts during a 15 minutes etch. For 

the same change in 13.56 MHz RF power, the etch depth 

increases by 4.72 ~m. This corresponds to 1694 particles for 

every micrometer of increase in etch depth. 

For the C~/02/Ar case, for the same conditions as for 

SF6/Ar, particle count increases by 7.5 particles per watt of 

13.56 MHz RF power or particle count increases by 3000 

particles when the power increase from 100 to 500 watts during 

a 9 minutes etch. For the same increase in 13.56 MHz RF power, 

the etch depth increases by 0.3 ~m. This corresponds to 10,000 

particles for every micrometer of increase in etch depth. 

Under similar operating conditions, 13.56 MHz RF power 

produces more particles in the SFo/Ar case than in the 

CF4/02/Ar case; however, CF4/02/Ar results in more particles for 

the same amount of silicon etched. In the latter case, the 

polymeric property of CF4 may contribute to particle 

formation. The high etch rate of the SFo chemistry is due to 

the high number of fluorine ions released when SFo is 

dissociated and the enhancement of this effect by 13.56 MHz RF 

power. 

Figure 4.9 and Figure 4.21 show that particle count and 

etch depth dependence on 13.56 MHz RF power are very similar. 
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This is an indication that the mechanism for particle 

generation and etching of silicon may be related. 

13.56 MHz RF power increases the positive ion density in 

the plasma and hence the ion flux to any wall including the 

wafer. The ion energy to all wall surfaces except the wafer 

will increase as the 13.56 MHz RF power increases. As the RF 

power increases, there is some increase in ion energy to the 

wafer surface; however, the ion energy to this surface is 

primarily controlled by the 100 KHz power. In any case, the 

flux and energy of the positive ions to all surfaces will 

increase as the 13.56 MHz RF power increases. 

Although the established action of a bombarding ion is to 

sputter an atom of the wall material, there may be some 

relationship between the flux and energy of an ion at a wall 

and the creation of a nucleation site for a particle. Particle 

growth and nucleation site generation is discussed in Appendix 

A. 

We speculate that nucleation site generation increases as 

flux and ion energy increases. Etch depth results indicate 

that increasing the 13.56 MHz RF power increases the etch rate 

of the silicon surface. The etching of silicon may also be 

involved in the creation of nucleation sites for particles. 

It is further speculated that the nucleation sites, 

either on the wafer and wall surfaces or in the plasma, grow 

to become particles, some of which find their way to the 
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wafer. Anderson, et al [33] has proposed a similar process 

in another chemistry where the agent for creating nucleation 

sites from the chamber walls is not positive ions, but the low 

energy electrons of the electron sheath which periodically 

comes in contact with the wall [34]. 

5.1.2 100 KHz Effects 

In both SF6/ Ar and CF4/02/ Ar chemistries, particle count 

and etch depth (or etch rate) increase linearly with 

increasing 100 KHz power. In chapter 4, Figure 4.4 and 

Figure 4.16, show that particle count has a linear dependence 

on 100 KHz power and time. 

For the SF6/Ar chemistry, interaction between time and 

100 KHz power is also present. It is seen that the linear 

slope of the curves increases as the etch time increases 

representing the interaction between 100 KHz power and etch 

time. This interaction term represents the total energy of the 

ions dissipated in the wafer, which may cause the wafer to 

heat with time. Heating may be responsible for the creation of 

nucleation sites. 

In the SF6 /Ar case, if all other parameters are held at 

the center of the statistical design, 100 KHz power 

contributes 733 particles/watt, or particle count increases by 

14,660 particles when the 100 KHz power increases from 5 to 25 
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watts during a 15 minutes etch. For the same change in 100 KHz 

power, the etch depth increases by 1.52 ~m. This represents 

9,672 particles for every micrometer of silicon etched. 

For CF4/02/Ar case, for the same conditions as with 

SF6/Ar, particle count increases by 6.4 particles per watt of 

100 KHz power or particle count increases by 1,276 particles 

when the 100 KHz power increases from 5 to 25 watts during a 

9 minutes etch. For the same increase in 100 KHz power, the 

etch depth increases by 0.42 ~m. Thus, 3,000 particles are 

created for every micrometer of increase in etch depth. 

Under similar conditions, 100 KHz power produces more 

particles in the SF,,/ Ar case than in the CF4 /02 / Ar case. In 

addition, SF6/Ar results in more particles for the same amount 

of silicon etched. Therefore, 100 KHz power results in more 

particles and more etched silicon in an SFo/Ar plasma than in 

CF4/02 /Ar plasma. 

The high etch rate of the SFo chemistry is due to the 

increase of ion energy and the abundance of fluorine. 100 KHz 

power determines the sheath potential which directly controls 

ion energy. An increase in the 100 KHz power increases the 

energy of a positive ions at the wafer. Etch depth data show 

that increasing the 100 KHz power will increases the etch rate 

of the silicon surface. The discussion of 13.56 MHz RF power 

effects above apply to our observations of an increase in 
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particle count as 100 KHz power increases. 

The similarity of behavior of particle count and etch 

depth indicate the similarity in the mechanism of particle 

generation and etching of silicon. 

5.2 Flow Rate Effects 

In both SF6/Ar and C~/~/Ar chemistries, particle count 

and etch depth have linear and negative quadratic (squared) 

dependence on flow rate. 

For the SF6/Ar case, Figure 4.3 shows particle count as 

a function of flow rate at several etch times. As may be seen 

in that figure, the particle deposition has a.maximum at about 

85 SCCM. At the center of the statistical design, the flow 

rate contributes about 120 particles/SCCM up to a flow rate 

of 85 SCCM then particle count declines by 94 particles/SCCM 

for flow rates between 85 and 120 sceM. That is, particle 

count increases from 5,230 particles at 20 seeM to a maximum 

of about 14,500 particles at 85 SCCM then declines to about 

12,000 particles at 120 SCCM. For the same change in flow 

rate, the etch depth increases by 6.9 ~m. Etch depth shows 

quadratic dependence on flow rate, except that the peak occurs 

outside the explored flow rate range, namely at about 170 

sceM. 
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For the SF6/Ar c~se, the data shows that particle 

deposition is more sensitive to flow rate (residence time) 

than etch depth or etch rate. This is demonstrated by the 

decline in particle deposition when flow rate exceeds 85 SCCM. 

When residence time decreases (or flow rate increases) below 

a given value, particle formation is reduced. However, etch 

rate does not decrease until further reduction in residence 

time (or increase in flow rate) . 

In SF6 /Arplasma, calculations of utilization rate, which 

is the percentage of input gas being consumed by the etching 

process, gives a rate of 50% at low flow rate and 41% in the 

high flow rate region. This means that, throughout the flow 

rate range, about half of the SFh gas molecules that come 

into the chamber are converted into SiF~. 

Flow rate can effect particle deposition in at least 

three ways. First, the nucleation sites which initiate and 

sustain particle formation can be swept from the chamber. 

Second, particles which have grown on nucleation sites are 

swept out of the chamber by the gas flow. Third, reactive 

species flow out of the chamber before they can react with or 

condense on the particle. However, etch rate is affected only 

by the flowing out of the reactive species mechanism; 

therefore, etch rate is only effected at higher flow rates. 

For the CF~/01/Ar case, for the conditions at the design 
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center except flow rate, particle count increases by 92 

particles per SCCM of flow rate, or particle count increases 

by 9,224 particles when the flow rate increases from 20 to 120 

watts. For the same increase in flow rate, the etch depth 

increases by 1.288 ~m. This means that about 7,100 particles 

are created for every micrometer of etched silicon. 

In the CF4/02 /Ar case, at low flow rate, the effect of 

13.56 MHz RF power, time, and 100 KHz power on particle 

deposition is diminished. This is an indication that particle 

formation and deposition is limited by the gas supply, i.e., 

the flow rate. The utilization rate of CF~ at low pressure is 

33%. In this region, increasing 13.56 MHz RF power does not 

substantially increase the reactive species density because 

there is not a sufficient supply of the gas. If the number of 

reactive species stays low particles do not form rapidly. At 

flow rates above the center point, particle count increases 

linearly as a function of 13.56 MHz RF power, 100 KHz, 

pressure, and time. In this flow rate region the utilization 

rate goes down to 16%. In this high flow rate region the 

supply of gas is sufficient; therefore, the ionization and 

generation of active species by the 13.56 MHz power is taking 

effect. Also, 100 KHz and time are 

formation. 

enhancing the particle 

In general, a high flow rate can play two possible roles. 
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First, high flow rate decreases the process gas, active 

species, and reaction products residence time in the chamber. 

This cleaning action can remove potential contaminant 

generators, such as active species and nucleation sites, from 

the chamber before they are able to form particles on the 

proposed nucleation sites. This mechanism may be effective in 

decreasing particle generation when the average time of 

reaction to form a particle is comparable or longer than 

residence time. Second, high flow rate can provide the 

necessary process gas quantity needed to form contaminating 

particles. This mechanism is effective if the particle 

formation is flow rate limited. Therefore, the first mechanism 

is responsible for the fast removal of species from the 

chamber while the second mechanism is responsible for bringing 

enough species into the chamber. The balance between these two 

mechanisms results in a maximum in the particle deposition 

behavior. The first mechanism is dominant at flow rates above 

the peak while the second mechanism is dominant at flow rates 

below the peak. 

At a low flow rate, the generation of chemical components 

required to build particles on nucleation sites may be slow, 

therefore, the growth of particles is slow. Further, there may 

be competition between the etch process and the particle 

formation process on nucleation sites for the chemical 

components of the plasma. This competition may further limit 
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the growth rate of particles. 

5.3 Time Effects 

In both SF6/Ar and CF4/02/Ar chemistries, particle count 

and etch depth (or etch rate) increase linearly as a function 

of time. 

For the SF6/Ar case, if all other parameters except time 

are held at the center of the statistical design, time 

contributes 1,226 particles/min, or particle count increases 

by 24,528 particles when time is increased from 5 to 25 

minutes. For the same time change, the etch depth increases by 

9.28 ~m. This represents 2,641 particles for every micrometer 

of etched silicon. 

For the CF4/02/Ar case, at center of the design, particle 

count increases by 1,011 particles per minute or particle 

count increases by 12,132 particles when time increases from 

3 to 9 minutes. For the same increase in time, the etch depth 

increases by 2 ~m. This reflects a 7,167 particles for every 

micrometer etched silicon. 

Under similar conditions, time results in more particles 

in the SF 6/ Ar case than in the CF 4/ O2/ Ar case i however, 

CF4/02/Ar results in more particles for the same amount of 

silicon etched. In the CF4/02 case, the polymeric property of 

CF4 may contribute to particle formation. 
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The linear dependence of particle deposition with time 

may indicate that particles are falling on the wafer 

continuously throughout the process time, rather than in sharp 

bursts when the plasma in turned off despite the particle 

trapping in the plasma [10]. 

Particle count and etch depth in both chemistries track 

very closely. This signifies that the particle build up and 

the etch depth are due to similar mechanism. It is assumed 

that time allows particles to grow larger. Time evolution is 

expected to show a trend toward larger particle sizes. 

However, the data in this study does not conclusively 

demonstrate this trend. This may indicate that particles grow 

very fast, or the growth time of particles is much shorter 

than the times explored. Light scattering studies of particles 

demonstrate that it takes time for particles to be visible 

[2,7,35]. This may not be due to the growth rate but rather 

to the number of particles available to scatter laser light. 

Particles may have to reach a certain maximum size before 

they fall onto the wafer. Thus, the particles collected on the 

wafer are selected from the total number floating or trapped 

in the discharge. Further, the size distribution of particles 

collected on the wafer does not represent the size 

distribution of particles in the plasma. Different size 

particles have different probability of falling on the wafer, 

as discussed by Bowling et al [36]. Large particles settle 



151 

on the wafer much faster than small particles. Particles 

remaining in the plasma for long periods of time have a better 

chance of being pumped out of the chamber. Therefore, 

speculations on particle growth based on the wafer particle 

size distribution may be very difficult. 

5.4 Pressure Effects 

In the pressure range explored (20-140 mTorr), particle 

deposition was found to be independent of pressure. For either 

chemistry, therefore, the predicted models do not contain any 

terms for pressure ~ependence. However, etch depth showed a 

weak pressure dependence. The model is only adequate for the 

explored pressure range. This range may not be large enough to 

show pressure dependence. System limitations prevented 

expanding the pressure range. 

5.5 Chemical Analysis 

Particle count measurements may be disturbed by the 

presence of defects or film on the wafer. The lack of organic 

film formation by SF6/Ar chemistry was demonstrated using FTIR 

analysis. Tencor 5500 Surfscan and scanning electron 
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microscope imaging indicated a smooth wafer surface. Also, 

CF4/02/Ar wafers were inspected by the Auger microprobe without 

any indication of a film build up on the surface. 

In the SF6/Ar case, Auger analysis of spherical and semi

spherical shaped particles reveals the presence of silicon, 

fluorine, sulfur, aluminum and oxygen. Most particles contain 

silicon, fluorine and sulfur, but a low percentage of the 

particles contain aluminum. Sulfur and fluorine must come from 

the input gas and the silicon source must be the wafer. Oxygen 

may arise after particle exposure to room air. The only source 

of aluminum is the chamber walls, thus signifying that the 

chamber walls may aid in particle generation. Depth profiling 

of a particle containing aluminum (during Auger analysis using 

Ar ion beam sputtering) indicated the presence of aluminum at 

the center of the particle. Fluorine and sulfur are present in 

the particle bulk. however, oxygen and traces of carbon were 

only found on particle surfaces. 

Chemical analysis of particles produced in the CF4/02/Ar 

plasma, reveal the presence of silicon in the particle bulk 

and carbon and oxygen on the particle surface. The silicon 

results from the etching process, and carbon and oxygen are 

product of the process (or from room air). 

The presence of silicon in the particles implicates the 

etch by-products in the particle formation process. The exact 
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relationship is not yet defined. However, as is discussed in 

Appendix A, mechanisms are presented which may help identify 

the link. Silicon atoms or silicon containing species may 

cluster and aggregate or coagulate to form particles. 

The silicon presence in particles was reported by other 

researchers. Selwyn et al [5], using Auger chemical analysis, 

analyzed particles collected in an argon plasma in the 

presence of a silicon wafer and a graphite electrode. The 

resulting particles contained 43% Si, 53% C, 2% N, and 2% o. 

Depth profiling shows that the composition of the bulk and 

surface are similar without any indication of crystallinity 

[5]. Particle collected by Spears el al. [37], in a 

polysilicon deposition tool, consist of hydrogenated silicon. 

5.6 Etch Depth and Particle count optimization 

The objective of this section is to identify the regions 

in the parameter space where etch rate can be obtained with 

the least amount of particles. This can be accomplished by 

viewing the plots of particle count and etch depth as a 

function of plasma parameters. However, it can be simplified 

by observing the relation between plasma parameters and the 

ratio of particle count to the etch depth. Since low particle 

count and high etch depth are desirable, the region where this 

ratio is minimum is the best region of operation, as long as 

etch depth in acceptable. To do the analysis the raw data of 
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particle count is di vided by the raw data of etch depth. 

Regression analysis is then performed on this ratio as a 

function of plasma parameters. 

Next, a discussion of these results for both chemistries 

and all significant parameters is presented. 

5.6.1 SF6/Ar Chemistry. 

5.6.1.1 13.56 MHz RF Power 

The particle count to etch depth ratio is constant. Thus, 

there is not any preferred 13.56 MHz RF power setting. 

However, at low power, etch depth and particle count are low 

and, at high power, etch depth and particle count are high. 

Therefore, to obtain high etch depth or etch rate, the high 

power region is more desirable and is preferred. 

5.6.1.2 100 KHz Power 

The particle count to etch depth ratio exhibits a linear 

dependence on 100 KHz power. As 100 KHz power increases the 

ratio increases. 100 KHz does not substantially increase the 

etch depth or etch rate; therefore, keeping this power to a 

minimum is recommended. 

The weak etch depth dependence on 100 KHz power suggests 
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that the etching species are dominated by neutral and radicals 

which are not significantly effected by the electrodynamics of 

the sheath. However, the 100 KHz power contributes to the 

trapping of particles. 

5.6.1.3 Flow Rate 

The particle count to etch depth ratio decreases as flow 

rate is increased. Thus, the high flow rate region provides 

benefits in this case. This effect can be seen in Figure 4.10, 

where the particles count reaches a maximum then decreases 

while the etch depth keeps increasing. Eventually, etch depth 

reaches a maximum outside the explored range, namely, by 

extrapolation, at 170 SeeM. The region of flow rate between 

the peak in the particle count and the peak in etch depth 

makes a desirable range of operation. Specifically, it is the 

point of maximum etch depth and low particle count, i.e., 170 

SeeM, as long as the particle count continues to decrease up 

to this point. 

5.6. 1. 4 Time 

The particle count to etch depth ratio increases linearly 

as time increases. This effect suggests that short times are 

preferred. 

In summary, for the SF6/Ar chemistry, the best region of 
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operation for low particulate to etch depth ratio is, any 

13.56 MHz RF power (preferably high for high etch depth), high 

flow rate, short time, and low 100 KHz power. Pressure is to 

remain within the explored range. 

5.6.2.1 13.56 MHz RF Power 

The particle count to etch depth ratio increases linearly 

with 13.56 MHz RF power. Thus, the low power region is a 

better region for operation. However, low power may not be 

practical, if a high etch rate can not be obtained at low 

power. 

5.6.2.2 100 KHz Power 

For 100 KHz power, the particle count to etch depth ratio 

is constant. since etch depth increases as a function of 100 

KHz power, the high power region can be used to obtain the 

desirable etch depth. 

5.6.2.3 Flow Rate 

The particle count to etch depth ratio exhibit a linear 

dependence on flow rate. This ratio increases as the flow rate 
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is increased. Operating at flow rates as low as possible keeps 

the.ratio low. However, etch depth depends strongly on flow 

rate; therefore, the minimum flow rate may not be very 

practical. The flow rate should be set to the minimum allowed 

by the desired etch rate. 

5.6.2.4 Time 

The particle count to etch depth ratio increases linearly 

as a function of time. Therefore, for low particle count, 

process etch time should be minimized. 

In summary, for the CF4/02/Ar chemistry, the best region 

of operation for low particulate to etch depth ratio is low 

13.56 MHz RF power, any 100 KHz power (preferably high for 

high etch depth), low flow rate, and short time. 

For both chemistries, the preferred operating time is 

short. Also, 13.56 MHz RF power should be maintained as low as 

possible. However, to obtain high etch rates, high power may 

be required. However, flow rate and 100 KHz have a 

significantly different effect on the ratio of particle count 

and etch depth. The difference between the etching and 

particle formation mechanisms may be responsible for this 

behavior. 



CHAPTER 6 

CONCLUSIONS 

6 • 1 SWDJIl&ry 

An effective method of characterizing particle deposition 

and etch depth on silicon wafers has been designed and 

performed. The data has been fitted to the second order model 
• 

and the response surface is found to be well behaved. Particle 

deposition is predictable based on externally controlled 

parameters. Therefore, during process optimization, particle 

contamination should be taken into consideration. 

In general, for both chemistries, particle count and etch 

depth have a linear dependence on 13.56 MHz RF power, 100 KHz 

power, and etch time and have a quadratic dependence on flow 

rate. Pressure does not have a significant effect on the 

particle count and has a minor effect on etch depth. 

The particle numbers observed in this study are quite 

large. They are orders of magnitudes larger than contamination 

levels targeted by the microelectronic industry, at o. 05 

defects (particles) per cm2 [14]. There is no doubt that the 
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numbers are real. This presents a serious challenge to plasma 

processing and future microelectronic integrated devices. 

These numbers should.not be surprising because in the particle 

trap regions in the plasma, particle densities of 105 cm-3 [35] 

to 107 [5] cm-3 were estimated based on laser light scattering 

experiments and measurements of plasma potential and electron 

density in the trap. Thus, the particle numbers observed on 

the wafers are relatively low. 

The observed magnitude of the particle counts are 

selected to be lower than the Tencor 364 maximum measurement 

range and higher than the noise due to other contamination 

sources, such as wafer handling and wafer transport. The 

observed particle count can be made much lower or much higher 

by decreasing or increasing the percentage of SF6 and CF4/02 in 

the process gas. Of course, the higher the percentage, the 

higher the particle count. 

For the same percentage of CF4/02 in Ar as SF6 in Ar, 

under similar conditions, CF4/02/Ar produces less particles 

than SF6/ Ar. However, silicon etch rate in CF4/02/ Ar is much 

lower than in SF6/Ar. As a result, for the same amount of 

silicon etched, CF4/02/Ar plasma generates more particles. 

The region of parameter space for an acceptable etch 

depth (or etch rate) and low particle count is different for 

both chemistries. For the SF6/Ar plasma, the best region of 
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operation for low particulate to etch depth ratio is at any 

13.56 MHz RF power (operate at high RF power only to obtain 

high etch depth), high flow rate, low 100 KHz power, and short 

time. For the CF4/02/Ar plasma, the best region of operation 

for low particulate to etch depth ratio is low 13.56 MHz RF 

power, any 100 KHz power (preferably high for high etch 

depth), low flow rate, and, of course, short time. 

For both chemistries, the preferred operating time is 

short. Also, 13.56 MHz RF power should be maintained as low as 

possible. However, to obtain high etch rates, high power may 

b~ required. However, flow rate and 100 KHz power have a 

significantly different effect on the ratio of particle count 

and etch depth. The differences between the etching and 

particle formation mechanisms may be responsible for this 

behavior. 

The exact behavior of particle deposition reported here 

applies only to the specific apparatus used in this study. 

Also, the amount of silicon exposed to the plasma, i.e., the 

silicon load, is very large. Since particles primarily consist 

of silicon, reducing the percentage of exposed silicon may 

substantially reduce particle formation. But on a 6 inch wafer 

with 10% exposed silicon, there is 90% exposed other material, 

such as photoresist, silicon dioxide, or silicon nitride. 

These other materials may interact with SF6 and CF4 to produce 
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particles. Thus, the large numbers of particles that we see 

should be a warning to the microelectronic industry. Perhaps 

the only way particles can be reduced is by reducing the 

active gas to inter gas ratio, then perform response surface 

analysis, and operate in the low particle deposition to etch 

depth ratio region. Additional characterization efforts need 

to be undertaken in order to apply this methodology to 

production systems. However, the mechanisms of particle 

deposition and growth are expected to be very similar. 

For all significant plasma parameter, the close tracking 

between etch depth and particle count is demonstrated. It is 

not clear that the silicon produced by the etching process is 

directly responsible for particle formation. It is possible 

that what causes etching also causes particle formation. 

6.2 Future Work 

1. Correlation between laser light scattering of trapped 

particles and wafer particle count can provide 

information on the relation between what is on the wafer 

and what occurs in the gas. It may also suggest methods 

of particle control, such as how to deposit the particles 

elsewhere. 

2. Optical emission studies of noble gases added to 

chlorofluorocarbon plasmas show that metastables He· and 
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Ne· participate in the formation of positive ions [38]. 

In contrast, Ar· and Kr· may act to enhance neutral 

dissociation of freon process gas [38]. The addition of 

He and Ne to CC12F2 plasma did not produce detectable 

particles of large amount of negative ions. However, Ar 

and Kr have the opposite effect [2]. Future experiments 

may sUbstitute He or Ne for Ar in the chemistries 

studies. 



APPENDIX A 

PROPOSED PARTICLE GROWTH MECHANISM 

The mechanisms of particle growth and deposition in 

plasmas are unknown. In this appendix, a discussion is 

provided on particle growth and particle deposition. This is 

a proposal based on the data from this study and speculations 

reported by other researchers and should be treated as such. 

Particle growth and deposition in an RF plasma can be divided 

into several stages: 

1. Nucleation site and condensable species generation; 

2. suspension or trapping of small particles in the gas phase; 

3. Condensation and reaction of plasma species with nucleation 

sites resulting in particle growth; 

4. Coagulation of small particles to form larger particles; 

and 

5. Particle settling (dropping) when they becomes larger than 

the plasma can support. 

A fraction of these particles may be suspended due to the 

presence of the plasma electrostatic fields [10]. These 

particles may not be suspendec when the plasma is turned off. 

Therefore, these particles may settle (drop) onto the wafer 

when the plasma is turned off. 

A brief discussion of each of the above steps follows. 
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1. Nucleation site and Condensable Species Generation 

The generation of nucleation sites for particle growth 

can occur by homogeneous or heterogeneous nucleation 

mechanisms. The two nucleation mechanisms differ by the way 

the nucleation sites are generated. Nucleation, a gas-to

particle conversion, occurs when the gas becomes saturated, 

with partial pressure exceeding the equilibrium vapor pressure 

[39]. Gas-to-particle conversion is the process by which 

gases are converted to particulates [40]. Nucleation is 

proportional to the saturation ratio of the condensable vapor 

and the vapor concentration at saturation [39]. Gas-to

particle conversion results from homogeneous or heterogeneous 

gas phase process. Homogeneous nucleation occurs when gas 

phase molecules or atoms condense on nuclei of the same 

material. Heterogeneous nucleation occurs when condensation 

takes place on foreign matter. Gas to particle conversion 

through homogeneous self-nucleation of a single vapor species 

occurs when the gas vapor pressure is above the saturation 

partial pressure. However, homogeneous nucleation whereby 

clusters of the vapor itself serve as the nucleation sites, 

does not usually occur until the saturation ratio is far above 

unity [39]. In the homogeneous nucleation case, nucleation 

sites can be ion clusters or clusters of the same kind as the 
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condensing gas. However, heterogenous nucleation occurs on 

pre-existing sites or particles that can be from other 

sources. 

Heterogeneous nucleation of a single species will occur 

in the presence of a foreign substance, i.e. a charged ion or 

extended surface, when the saturation ratio is slightly above 

unity [39]. Gas phase chemical reactions also can generate 

condensable products [40]. When a system is supersaturated 

with a condensable species it generates nuclei for 

condensation or condenses on an existing nuclei or particles. 

During condensation, condensing material may chemically react 

on the particle [40]. 

Williams and Sundquist [41] have shown that for multi

layer organic polymer films, low energy electrons are capable 

of ejecting large clusters compounds consisting of 1000 atoms. 

Such clusters can be an ideal site for further condensation 

and particle growth. 

Heterogeneous nucleation and electron induced surface 

desorption mechanisms for the initiation of particle growth 

provide a consistent model for predicting particle 

observations [33]. 

The lag times between the initiation of the plasma and 

the observation of scattered light due to the presence of 

particles in the gas phase [35] would appear to be a function 

of the time it takes to generate films on the substrate and 
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weakly bound molecular clusters [33]. 

Ionization sets the stage for particle growth through 

various ion molecule growth mechanisms [33]. For example, 

Elkind et al [42] have established that the activity of the 

silicon cation clusters can be attributed to the large number 

of dangling bonds in clusters providing an active site for 

chemisorption. 

A particle growth model in a silicon nitride deposition 

system is proposed by Anderson, et al [33]. This model is a 

departure from previously held ideas regarding particle 

formation in plasma, in that heterogeneous reactions as 

opposed to homogeneous gas phase reactions dominate all 

phases of particle growth cycle. Anderson suggests that the 

growth is due to cation clusters since available literature on 

the subject indicate that cation silicon based clusters are 

more reactive than anion clusters. However, large particles 

observed by laser light scattering were excluded from the 

sheath region and, therefore, near the end of the growth 

process must have become negatively charged [33]. 

Gas phase clustering of both positive and negative ions 

is well known. However, in process plasmas, positive ions are 

rapidly lost to the 13.56 MHz RF electrode and the grounded 

chamber walls. Only negative ions may contribute to 

particulate formation. This occurs by negative ion clustering 

with other ions and neutral gas phase species to form larger 
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ions [13). Since negative ions are repelled from the 

electrode, these ions are trapped at the sheath plasma 

boundary, and thus may survive sufficiently long for extended 

clustering and growth [13). As the clusters grow, their charge 

in maintained by collisions with plasma electrons which 

enhances further clustering with neutral plasma species [13J. 

However, the electronegative component in the gas or substrate 

that is suggested by Selwyn et al. [2) may not be necessary to 

nucleate and grow particles. Substrate materials such as 

carbon or silicon are capable of supplying material for 

particle growth in an inert gas plasma [7]. 

The partial pressure of species in the plasma is far 

below the concentration required for saturation. However, the 

trapping of negative ions in specific regions of the plasma 

may increase their localized partial pressure up to 

saturation, therefore, encouraging nucleation and clustering. 

For a particle to form and grow, a nucleation site must 

be available or conditions must be appropriate to create it. 

In the plasma chamber, there can be several sources for these 

nucleation sites. Some of these are: 

- Sputtered wafer material 

- Sputtering of polymer off the wafer and the chamber walls. 

- At high supersaturation ratio ( >4), lons in the plasma can 

act as nucleation sites. 
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- Films flaking off the chamber wall due to stress during 

plasma turn on or due to gas turbulence. 

- .Particles resulting from wafer transport. 

- Aerosol generated during pump down of the wafer introduction 

chamber. 

Small particulates coming in with the process gas. These are 

particles smaller than 0.02 ~m. 

- Small particulate existing on the wafer that are etched, 

sputtered, or levitated during processing. 

- Particles produced due to the high speed rotation of the 

turbo molecular pump. 

- Pump oil clusters that back stream into the chamber. 

Particles in the chamber from previous runs. 

- Equipment generated particles due to moving parts. 

Aerosol generated due to supersaturation during gas 

introduction resulting is homogeneous nucleation. 

2. Suspension or Trapping of Small Particles 

Particles can be suspended in the gas. Large 

particles settle after a period of time. Small particles can 

stay suspended for an extended period. 

The plasma adds interesting mechanisms for particle 

suspension. Particles in the plasma are charged negatively due 

to the high mobility of the electrons. The charged particles 
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are trapped due to interaction with the electrostatic fields 

in the plasma [10]. 

An upward electrostatic force can be made to balance the 

force of gravity and the particle held stationary as given by 

[43], 

neE = Pp 1T d 3 g I 6 

Where, n is the number of elementary charges on the particle, 

e is electronic charge, E is the electric field, Pp is 

particle density, d is particle radius, and g is acceleration 

of gravity. 

For negatively charged solid particles the maximum charge 

limit is reached when the self generated field at the surface 

of the particle reaches the field required for spontaneous 

emission of electrons from the surface. When this limit is 

exceeded, the crowding of electrons at the particle surface 

causes the electrons to be ejected from the particle surface 

by the force of mutual repulsion. For a spherical particles 

this limit is [43], 

nl.= d 2 EI./4e 

where EI, is the surface field strength for spontaneous 

emission of electrons (3X104 stV/cm or 9X10o v/cm) . 

Negatively charged particles attract positive ions. 

Negatively charged particles move opposite to the 

direction of the electric field. The electric fields in the 
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plasma are directed fr?m the plasma body toward the chamber 

walls surrounding the plasma. Most of the voltage drop in the 

plasma is across the sheath region. Therefore, charged 

particles generated in the plasma are prevented from 

traversing the sheath region and reaching the walls. For a 

particle to arrive at the wafer, it has to cross the sheath. 

To cross the sheath while the plasma is on, the particle has 

to have enough energy to overcome the the sheath potential. 

The required kinetic energy may come from thermal energy or 

due to acceleration of gravity. Therefore, particles without 

sufficient kinetic energy to overcome sheath potential barrier 

stay suspended at the plasma/sheath interface. other trapping 

fields for particles may be present. 

Measurements of particle suspension in the argon plasma 

sputtering suggests that the charging of the particles is 

likely due to plasma [13] driving the particles to the 

floating potential of the plasma, as discussed in recent 

theoretical studies [44]. Recent experimental measurements, 

show that an average charge on these particles is 1.4x10·' 

negative elementary charges per particle [45]. 

Condensation, defined as the diffusion of vapor monomers onto 

an aerosol particle, is one of the main mechanisms for the 

growth of particles in systems with relatively low vapor 

concentration [39]. Condensation is proportional to saturated 
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number concentration for the vapor and the mean molecular 

speed among others [39]. The presence of growing particles in 

a system leads to the spacial inhomogeneities in the vapor 

concentration surrounding the particle [39]. 

Particle growth, like film growth, is powered by the 

condensible species or reactions in the plasma. These species 

are the incoming gas or by-products of it. The by-products 

result from the ionization, dissociation, or reaction of the 

process gases. Process gases reacting with each other, the 

plasma chamber material, and wafer may produce condensible 

species. 

The results of silicon plasma etching suggest that the 

involvement of etch products in the formation of nucleation 

sites for particles growth [2]. Identical process conditions 

do not produce measurable contamination in the absence of 

silicon wafers [2]. 

3. Condensation and/or Reaction 

The condensible and reactive species can condense or 

react with the nucleation sites and initiate particle growth. 

Some of these species may react or condense on each other and 

form nucleation sites. When the nucleation sites get charged 

negatively, a flux of positively charged plasma species may 

impinge on the particle. 
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It appears that once nucleation has started, it is the 

neutrals and the radicals of the plasma that are most 

responsible for particle growth, rather than ionic compounds 

[13]. For polymerizing chemistries, rapid growth is expected 

following the rate-limiting formation of nucleation sites 

[13]. 

4. Coagulation of small particles 

When a high concentration of small particles is formed, 

the small particles start to coagulate with each other to form 

larger particle. The "orange peel" texture observed on plasma 

generated particles may be attributed to this mechanism. When 

a high concentration of large particles is reached, the 

formation of nucleation sites and small particle formation may 

cease. Large particles become the desirable condensation and 

coagulation sites. 

In the plasma, if small particles are charged negatively, 

there is a Coulomb force that attempts to keep the sma 11 

particle from coagulating. Only particles with small charge or 

high energy may overcome this Coulomb repulsive force and 

coagulate. If the particles are trapped in a small region, the 

coagulation process may be enhanced. 

Particle growth, after a few hundred molecular additions, 

begins to occur primarily through clusters combining with 
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other clusters rather than molecular additions [33]. 

Friedlander [40] notes that this type of behavior is the 

common result of simultaneous coagulation and growth in 

aerosol studies, and that the result is to drive the total 

surface area of the suspended particle to a constant value by 

effectively reducing the densities of higher molecular weight 

clusters. 

Coagulation proceeds faster between particles of 

different sizes than particles of the same size [43]. Big 

particles have a large surface but diffuse slowly, but small 

particles have rapid diffusion and small absorbing surface. 

The combination of large absorbing surface on the big particle 

and the small particle's rapid diffusion to that surface means 

that coagulation can take place more rapidly between 

dissimilar particles than between same-size particles. The 

greater the difference in particle size the greater the 

effect. 

5. Large Particle settling 

Particles become sufficiently large and can not be 

supported or suspended. These particles settle or fallon the 

wafer or the chamber walls. These particle may fall mainly on 

horizontal upward pointing surfaces due to the force of 

gravity. 
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A fraction of the particles suspended at the plasma 

sheath boundary have enough gravitational force to settle but 

are supported mainly by the electrostatic potentials (forces) 

present in the sheath. Once the plasma in turned off and the 

sheath potential is no longer present, these particles will 

settle or fallon the closest surface. Particles trapped 

directly above the wafer may fallon it. 

Not all particles remain in the chamber. Some of the 

particles and nucleation sites are removed from the chamber by 

the pumps. 
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