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ABSTRACT 

Process generated particle contamination on unpatterned 

silicon wafers etched in an SF^argon plasma using a Tegal 

MCR-1 etcher in the plasma triode-1 mode was characterized 

using response surface methodology. Particle deposition was 

observed to be a predictable function of plasma parameter 

space, which can be determined by relatively few statistically 

designed experiments. A model of particle deposition as a 

function of 13.56 MHz chamber electrode rf power, chamber 

pressure, gas flow rate, etch time and 100 kHz wafer electrode 

power was constructed. It is found that particle deposition 

depends linearly on etch time and both 13.56 MHz and 100 kHz 

power. In addition, particle deposition increases with gas 

flow rate at low flow rate, reaches a maximum, then decreased 

as flow rate increased further. Moreover, there was no 

observable effect on particle deposition due to pressure 

variation in the pressure range explored. Auger chemical 

analysis showed that the particles contained elemental sulfur, 

fluorine, silicon, aluminum, carbon and oxygen. Most particles 

were typically less than 2 um in diameter. 
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Chapter 1 

INTRODUCTION 

Particle contamination is a serious problem in 

microelectronics fabrication industries. The minimum feature 

size achievable without significant loss of circuit 

performance, reliability and yeild is greatly limited by the 

cleanliness of the processing environment in which wafers are 

exposed. Large amounts of money, time and effort have been 

spent in state-of-the-art cleanrooms and cluster tools to 

reduce human induced contamination. However, it has been shown 

that a great deal of particle contamination is, in fact, 

contributed by process tools [1-7]. Using laser light 

scattering techniques, particles in plasma processing tools 

were found to be negatively charged [4,6,7,10,15] and locally 

trapped near the plasma sheath boundary electrostatically 

[4,5,6,10]. Additionally, plasma particle densities for 

particle of diameter 0.2 um were found to be greater than 107 

cm"3 [6]. Furthermore, theoretical estimation of particle 

charge and particle growth has been done [4,8,15]. 

Nevertheless, the effects of contaminants on devices being 

processed are mostly determined by the number of particles 

deposited on wafers after a process step. 
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In this work characterizes particle deposition on four 

inch unpatterned silicon wafers was characterized after an 

SF^argon plasma etch using the Tegal MCR-1 plasma etcher. A 

statistically designed experiment was performed [11,12]. The 

effects of externally controlled plasma parameters, 13.56 MHz 

rf power, chamber process pressure, 100 kHz rf power, gas flow 

rate and etch time, were examined in an attempt to discover 

process particle generation and deposition mechanisms. A model 

of particle deposition as a function of plasma parameters 

mentioned above was also constructed. The model can be used to 

predict particle contamination levels given a specific etching 

condition. 

It was found that the particle deposition introduced in 

the plasma etching tool is predictable, repeatable and well 

determined by the externally controlled plasma parameters with 

small run to run variances. Most of the process generated 

particles observable fell into the size category of 0.35-0.5 

um diameter. Chemical analysis on randomly selected particles 

showed the presence of sulfur (S), fluorine (F), silicon (Si), 

oxygen (O), carbon (C) and aluminum (Al). There were 

indications that the reactant gases, reactor internal chamber 

wall and silicon wafer were all involved in the particle 

generation mechanisms. 
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CHAPTER 2 provides a detailed description of the process 

tool used, measuring instruments, major errors of measuring 

instruments, a calibaration procedure for a measuring 

instrument, the wafer type used, and the gas chemistry 

selected. 

CHAPTER 3 explains the experimental procedures, while 

CHAPTER 4 is a summary of the results obtained from the 

experiments and the corresponding errors. Residual analysis 

and analysis of variance are also performed. 

CHAPTER 5 is a discussion of the results, and their 

implications. A senerio of particle generation and deposition 

is suggested. 

CHAPTER 6 is a summary of the findings, accomplishments 

and suggestions for futher work. 



11 

Chapter 2 

APPARATUS 

2.1 Tegal MCR-1 Plasma Etcher 

The plasma etching reactor used in this work is a 

modified Tegal MCR-1 capacitively coupled asymmetric chamber. 

The system is magnetically confined, which reduces the ion-

electron recombination rate on the chamber walls. Therefore, 

high ion and electron densities of 1010 cm"3 at a pressure of 

1 mTorr can be obtained. A wafer to be processed is delivered 

into the single wafer chamber through a loadlock system to 

reduce water vapor and other contamination induced into the 

process chamber during system pumping and purging. The 

diameters of the ground and wafer electrodes are 10.1 and 8.0 

inches, respectively. The electrodes are separated by a 

distance of 3.8 inches (see Fig. 2.1). The chamber wall and 

electrodes are made of aluminum and insulated from one another 

using a ceramic (Maycor). The Tegal MCR-1 is operated in the 

plasma triode 1 mode, where the 13.56 MHz power (EMI model HF-

1) is applied to the chamber side wall electrode and a 100 kHz 

power (manufactured by Tegal) is applied to the wafer 

electrode, as shown in Fig 2.2. The reactive gases, sulfur 

hexafluoride (SF6) and argon (Ar) , are admitted into the 
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chamber via separate mass flow controllers. Additionally, a 

0.02 urn (pole diameter) filter is placed in the gas line to 

remove any related contamination originating in the gas 

cylinder or feed lines. The reactor is pumped by a 

turbomolecular pump (Leybold TMP 1000), which is backed by 

mechanical pump (Alcatel). An electronically controlled gate 

valve is located between the turbomolecular pump and the 

chamber to adjust a desired chamber pressure. The pressure is 

monitored by a capacitance manometer (MKS type 227A). The 

wafer electrode temperature is maintained at 15 °C by allowing 

cooling water at 15 °C to flow through the wafer electrode. 

2.2 Measurement of Particle Count on Wafers 

2.2.1 Introduction 

Particle deposition, or equivalently referred to as the 

particle count in this work, is defined as the total number of 

particles that are added to a four inch silicon wafer after a 

particular process. In this work, a Tencor Instruments 

Surfscan 364 was used, that had a lower limit of 0.2 um2 in 

scattering cross-section. Tencor 364 sizes particles in terms 

of particle scattering crossection. The relationship between 

actual particle diameter and scattering crossection is plotted 

in Fig 2.3. The graph was obtained from the manufacturer by 
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using standard latex spheres. 

Within the Tencor 364, a Helium-Neon laser beam is 

scanned vertically across the whole wafer surface. The 

existence of a surface defect, for example a particle or a 

pit, will produce scattered light. The scattered light is 

collected and represented as a pulse signal. The height of a 

pulse signal indicates the size of a surface defect. Any pulse 

signal higher than a threshold value determined by the user 

will be counted as a defect. 

The Surfscan 364 uses a "cell" counting technique to 

count particles deposited on a flat substrate, such as an 

unpatterned silicon wafer. The wafer surface is divided 

virtually into rectangular areas of 700 um by 22 um called 

cells [16]. A cell is the basic defect counting unit. The 

existence of one or more defects in a cell will "turn on" the 

cell, provided the defect size is larger than the threshold 

size. After scanning the whole wafer, the number of "turned 

on" cells is counted and reported as the number of defects 

found [16]. 

The user can select four ranges of particle sizes to be 

measured. A particle histogram of particle count versus size 

is be obtained. After each Surf scan measurement, the number of 
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surface defects within each defect size range is categorized 

and displayed accordingly. Since a linear log-log relationship 

between particle number and size is expected [17], the ranges 

of particle size in this work are chosen such that it is 

linear in logarithmic scale. The particle size ranges thus 

selected are 0.2-0.4 um2, 0.4-0.7 um2, 0.7-1.4 um2, 1.4-2.7 urn2 

and 2.7-5.2 um2. An edge exclusion feature allows users to 

specify a circular region around the substrate edge to be 

ignored when counting defects. All measurements in this work 

are made with an edge exclusion of 6 mm. 

2.2.2 Maximum Measurable Particle Count 

Because of the statistical nature of particle formation 

and deposition, particle deposition varies among etching 

processes set at identical plasma parameters. Therefore, a 

large particle count is desirable to minimize statistical 

variations in each trial. However, the maximum particle count 

measurable is limited by the number of cells on the substrate 

surface. In addition, as particle count increases, the 

probability of more than one particle falling into the same 

cell increases. Since only the number of "turned on" cells are 

counted, the Tencor 364 will under estimate the particle 

deposition, if more than one particle resides within a cell. 
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Consider a 4-inch silicon wafer surface with a 6 mm edge 

exclusion, the total wafer area to be measured is 

Wafer area = nx (50-6) 2xl06 = 6.08xl09 ji/n2. (2.1) 

Since a cell area is 

Cell area = 700x22 = 15400 pm2, (2.2) 

the total number of cells on a 4-inch silicon wafer surface is 

Total number of cells = Wafff area =3 .95x10s. (2.3) 
cell area 

Now, let the total number of cells be N. It is desirable to 

determine the maximum number of particles (n) such that the 

error of under counting is less than 1%. Assume that particles 

have equal probability to land on any cell on wafer surface. 

Consider a particular cell, the probability of having zero 

particle landing in that cell is 
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P( 0)-<-^>a. (2.4) 
N 

The probability of having exactly one particle landing in that 

cell is 

P( 1) = (?) (^r)""1 (4r> ' (2• 5) 
A N N 

where (£) = ,nX 
K . (2.6) 

™ m\ (n-irt) ! 

Under counting occurs when more than one particle lands in a 

cell. Therefore, the probability of two or more particles in 

a cell is 

Piunder counting) = 1 - P(0) - P( 1) , 

= 1 - () n-i (H-k + HL) 
N N N 

n-1 • i-==-^=-) 
N 

(•£)2 (since l«n) (2.7) 
N 
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In order to obtain P(under counting) = 1%, 

n = = 3.95x10* (2.8) 

Hence, the percentage of SF6 (20%) in argon is selected 

to produce the maximum particle deposition, without causing 

significant under counting error. 

2.2.3 Caliberation of Surfscan PMT sensitivity 

There are errors in particle sizing and counting. The 

sensitivity of the photomultiplier tube (PMT) of Tencor 364 

can be adjusted externally to compensate for defect sizing and 

counting drifts. In general, high sensitivity lowers the 

threshold limit of the instrument. Thus, particles will appear 

bigger and more defects will be counted than when low 

sensitivity is used. 

In order to caliberate the Surfscan 364 to size particles 

correctly, the following procedure is performed to determine 

the sensitivity setting of the PMT. Monodispersed latex 

spheres, i.e. latex spheres of one known size, are deposited 
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onto clean 4-inch silicon wafers. Latex spheres with diameters 

of 0.5 um2, 1 um2 and 2 um2 in scattering cross-section are 

used in this work. The particle counts were earlier measured 

by a caliberated Tencor Instrument Surfscan 5500 at SEMATECH 

Austin, Texas [14]. The same wafers with latex spheres are 

measured by the Tencor 364 to be caliberated at various 

sensitivity levels. A histogram of particles as a function of 

particle size will be obtained (as shown in Fig. 2.4). A 

particle spur as shown is formed because of the monodispersed 

latex spheres. Since, the size and scattering cross-section of 

the monodispersed particles are known, the PMT sensitivity 

level is adjusted such that the particle spur is located at 

its expected size. Using standard latex spheres of 0.5 um2, 

lum2 and 2um2 in scattering corss-section, the corresponding 

adjusted PMT sensitivities are 4.3, 3.7 and 3.9, respectively. 

The average is computed to be 4.0 and used for the rest of 

this work. 

After the Surf scan PMT is adjusted to the caliberated 

sensitivity determined above. Different wafers with particle 

counts measured earlier using Tencor 5500 are measured again 

using Tencor 364 and listed in Table 2.1. Linear regression 

fit is performed to determine the relationship between 

measured particle count and the known particle counts on 

wafers [18]. The following formula is thus obtained: 
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Table 2.1 Comparison between actual and measured particle 
on different wafers 

wafers 

Actual count 7347 
(Tencor 5500 SEMATECH) 

Measured count 8440 
(Tencor 364) 

2537 1292 1602 

3732 1923 2420 
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Actual Particle Count = A x (Measured Particle Count) +B 

For Surfscan 364 in this work, A = 0.945 and B = -709. The R2 

and Ra2 of the above approximation are 99.5% and 99.2%, 

respectively. 

2.3 Scanning Auger Microprobe 

A Scanning Auger Microprobe (Perkin-Elmer 600) is used to 

perform particle chemical analysis. Auger analysis is based on 

the principle that when an sample is excited by an incident 

electron beam, inner shell vacancies will be generated. A 

vacancy is filled by an outer shell electron and sufficient 

energy is released at the same time to emit another outer 

shell electron called the Auger electron. The energy 

distribution of emited Auger electrons is used as unique 

"finger-prints" to identify the sample elements [19]. The 

electron beam size is 0.5 um in diameter. The minimum 

detection limit is 1000 ppm (0.1 atomic %). Auger analysis is 

a surface sensitive chemical analysis technique. The 

observation depth is 10-30 A. It was used in this work to 

determine the chemical composition of particles deposited on 

silicon wafers as a result of the etching process. It is also 
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used to determine if any kind of thin film, micromasking and 

surface defects are formed on the silicon wafer surface. The 

Auger microprobe is also capable of sputtering away thin 

layers of tens to hundreds A from sample surface using argon 

ion bombardments. Therefore, a profile of chemical composition 

as a function of depth in a particle can be obtain 

approximately. 

2.4 SF6 Chemistry and Wafer 

The reactive chemical gas used in this work is 20% sulfur 

hexafluoride SF6 in argon. Argon is used as the carrier gas. 

SF6 is well known to etch silicon and produce particulate 

contamination [17]. Furthermore, it is observed, using 

scanning electron microscope and other surface analysis 

techniques available at SEMATECH [14], that SF6 etching 

process results in no micromasking nor thin film deposition. 

Therefore, particle deposition can be measured accurately 

without interference from other surface defects. The study can 

then be focused on particle generation and deposition. 

It was earlier observed that a higher percentage of SF6 

in argon will produce a higher particle count. Because of the 

limitation of the particle measuring instrument, which will be 

discussed in Chapter 3, the percentage of SF6 is chosen by 

trial and error to produce particle counts without more than 
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1% under counting error. 

Unpatterned 100mm (4-inch) 15 ohm-cm boron doped silicon 

wafers with <100> crystal orientation are used in all the 

experiments. The plasma etching chamber is designed to process 

only 4-inch wafers. Wafers from recently opened containers 

supplied by the manufacturer are used. Therefore, no wafer 

cleanning is necessary. 



27 

Chapter 3 

EXPERIMENTAL PROCEDURES 

The range of plasma parameters to be investigated is 

selected based on the physical limitations of the plasma 

etching system and the Tencor 364. A surface response 

methodology called central composite design is used [11]. 

After performing the SF^argon etches on unpatterned silicon 

wafers, the particle deposition on each wafer is measured 

using Tencor 364. Furthermore, Auger microprobe chemical 

analysis is performed on randomly selected particles. All 

experiments and wafer measurements are conducted in a class 

100 cleanroom. 

As a preliminary step, the contamination levels induced 

by the cleanroom environment, wafer transport and tool 

loadlock transfer system are determined. First, a clean wafer 

from a recently opened wafer container supplied by the 

manufacturer is measured using the Tencor 364. An initial 

particle count of 37 PWP (Particles per Wafer per Pass) is 

typically measured for particle greater or equal to 0.2 um2. 

Then, the wafer is delivered through the loadlock into 

the chamber. Process gas (20% SF6 in argon) is introduced at 
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70 seem at 79.6 mTorr for 5 minutes; the plasma is not 

ignited. The Tencor 364 records a particle count of 120 PWP. 

Next, the same wafer is returned to the chamber and 

etched at 300 watts (13.56 MHz power), 15 watts (100 kHz 

power), 70 seem Argon gas only and 80.9 mTorr for 15 minutes. 

The particle count measured after the argon etch is 475 PWP. 

The reason for using a plasma with only argon is to isolate 

the effects of adding 20% SF6 to argon. 

Finally, another clean wafer is etched for exactly the 

same condition as the previous etch, except that 20% SF6 is 

added to argon. The particle count measured is 13881 PWP. 

It is observed that high level contamination is induced 

by the etching process only when SF6 gas is present, whereas 

the particles deposited during other delivery and measuring 

processes were relatively negligible. The above observations 

are summarized in Fig. 3.1. 

3.1 Ranges of Plasma Parameters 

The range of externally controlled plasma parameters 

explored in this work are shown in Table 3.2. The 13.56 MHz 
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Table 3.2 Range of Externally Controlled Plasma Parameters 

Plasma Parameters Range 

13.56 MHz rf power (watts) 100 - 500 

Chamber Pressure (mTorr) 20 - 140 

Gas Flow Rate (seem) 20 - 120 

Etch Time (minutes) 5 - 25 

100 kHz rf power (watts) 5 - 25 
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power connected to the process chamber side wall electrode is 

varied between 100 watts and 500 watts. The 100 kHz power 

connected to the wafer electrode is varied between 5 watts and 

25 watts. The process pressure is varied between 20 and 140 

mTorr. Chemical gas flow rate is varied between 20 and 120 

seem per minute. The plasma etching time is varied between 5 

to 25 minutes. The concentration of SF6 (20%) in argon was 

earlier determined experimentally to produce particles on 4 

inch wafers that could be measured by the Tencor 364 without 

under-counting as described in Chapter 2. The wafer electrode 

was maintained at 15°C throughout all the experiments by 

allowing cooling water at 15°C to flow through the wafer 

electrode. 

3.2 Statistically Designed Experiments 

In order to examine the effects of the five externally 

controlled parameters on particle deposition, a central 

composite statistical design is used to minimize the number of 

experimental trials [11]. An experimental trial is a 

particular combination of etching parameters under which 

etching is performed. Plasma parameters (13.56 MHz power, 

pressure, gas flow rate, etch time and 100 kHz power) are 

explored at five different levels within the selected range 
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for each parameter. The chamber side wall electrode power (100 

- 500 watts), for instance, is explored at the levels 100, 

200, 300, 400 and 500 watts. In the following paragraphs, the 

five levels of all plasma parameters will be referred to as 

the minimum(-2) , low(-l), middle(0), high(l), . and maximum(2) 

level of the range, respectively, with the numbers in 

parentheses are codes for the levels. Moreover, the difference 

between levels, for example 100 watts for 13.56 MHz power, 

will be called the step of the range. 

In order to examine the roles of the selected parameters 

on particulate contamination, a half-factorial design [11] is 

used to explore the main effects of each parameter as well as 

interactions between combinations of two parameters. The 

experimental trials are obtained from combinations of 

parameters at two levels (low and high) of the selected range 

of interest. All the possible combinations of the two levels 

of parameter space are explored. Therefore, 2S=32 trials are 

needed to accomplish this purpose [11]. However, a fractional 

factorial design is used to reduce the number of trials by 

choosing only the symmetrical trials [11]. This is achieved by 

finding the products of five parameters in each trial. Those 

trials with a code product that is negative are be discarded. 

As a result, the number of trials is reduced by half 2<5'1)=16 

(as shown in Table. 3.2). 
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ChMber Pressure Flow Tioe Uafer Prodrtof 
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Table 3.3 Factorial Design Trials Coobinations. Product of variables X1 to X5 is listed 

• 

• 

on the rightmost coluai. Only trials with product of • is used as 
fractrional factorial design trials 
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Additionally, 6 replicates of the central point of the 

statistical design are chosen to demonstrate repeatability 

between trials. The standard deviation of the replicates is 

also an indication of whether an effect or interaction is 

significant. The central replicate trial is 300 watts 13.56 

MHz power, 15 watts 100kHz power, 80 mTorr pressure, 70 seem 

per minute (20%) SF^argon flow rate and 15 minutes etch time. 

The third part of the design contains 2x5=10 trials. The 

trials are choosen at the central points of parameter space, 

except that one and only one of the parameters are set at the 

minimum or maximum level. In other words, all parameters will 

be selected in the middle range except one, say power, which 

will then be set at its maximum or minimum level for the range 

of interest. This part of the experiment, referred to as the 

star, provides information about second or higher order 

effects on particle deposition. Letting Y be the particle 

depostion 

' = Bnxn + £ V BtjXy * € (3.1) 
i-i iTi 1=1 j?r* i 

X,, X2, Xj, X4 and X5 are normalized variables of 13.56 MHz 

power, reactor pressure, gas flow rate, etch time and 100 kHz 

power, repectively [9]. 
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The normalized variables are obtained as follows 

Normalized y _ (Variable) - (middle level of Variable range 
Variable * {step of variable) 

(3.2) 

The normalized variables are thus computed as 

x = (13.56 MHz power) - 300 watts (3*3) 
1 100 

, (Pressure) - 80 ^ (3-4) 

2 30 

*3  = Wow rate)  -70 sccm (3>5) 

v _ (Etch time) - 15 Xt = — min (3.6) 
D 

„ . (100 kHz power) - 15 mttg (3>7) 

5 

As a result the total design consists of 16+6+10=32 

trials. The trials explore the parameters space uniformly and 

results in a second order model of particle deposition 

characteristic as a function of the five parameters. 

3.3 Information obtainable from experiment 
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A software package called "MYSTAT" [13] is used to 

analyze the experimental results and to construct the second 

order model shown above. In equation (3.1), B0 is the average 

particle count deposited, B1 to B5 are the linear effects of 

each parameters, Bif are the second order effects of each 

parameters whereas the Bf j are the interactions between two 

corresponding parameters. 

In addition to the particle deposition model, the average 

particle deposition rate (APDR) can also be computed as 

APDR= —:—— /min/ cm2 (3.8) 
timexarea 

The experimental error and repeatability can be computed 

from the standard deviation of the central replicates 

Standard Dev. = 

N 

2-1 
(3.9) 

N-1 

where Yf and Y are the observed particle count, and mean 

observed particle count, respectively. N is the total number 

of trials. 
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Moreover, the adequacy of the model is characterized by 

the relative coefficient of determinant R2 and adjusted R#2. In 

simple words, R2 will be a value between 0 and 1, representing 

the percentage of variation that can be explained by the 

model. 

where Yj(pred) is the particle count predicted by the model, 

Yi<obs) t^ie particle count observed from the experiment. 

Similar to R2, Ra2 is a value between 0 and 1. However, Ra2 

takes into account the number of model coefficient terms used, 

and thus, it is relatively independent of the number of 

coefficient terms used in the model. In equation (3.11), N is 

the number of trials and p is the number of coefficient terms 

used in the model. 

i (pred) ^ 2 

^i(obs) -Y)2 
(3.10) 

p 2 _ i _ (W 1) v/-i_p2\ 
1 HFpT*(1 R } 

(3.11) 

3.4 Criteria of a "clean" chamber 

Before each experiment, the Tegal MCR-1 plasma etching 



37 

chamber internal surface is cleaned physically by rubbing with 

a lintless cloth and methanol. Then, the chamber was pumped 

down to less than 10"5 mTorr to reduce water vapor and ambient 

contaminants. A number of etch runs were then performed in 

order to season the system, where seasoning means that a 

central trial (using only 70 seem Argon gas etch at 300 watts 

13.56 MHz chamber electrode power, 15 watts 100 kHz wafer 

electrode power, 80 mTorr and 15 minutes) produces a particle 

deposition of 500 PWP or less. 

3.5 Experiment 

The wafers are admitted into the chamber through the 

loadlock system. Therefore, the chamber is maintain under 

vacuum at all time during the entire experiment. The plasma 

etching process is performed according to the previously 

determined 64 trials (two replicates of 32 trials). The 

particle count on each wafer is measured three times 

immmediately before and after the etching process. 

After counting particle deposition on the silicon wafers, 

a number of central replicate samples are also analyzed using 

the Scanning Auger Microprobe. The particles are located by 

scanning through the wafer surface and searching for particles 

using scanning electron microscope (SEH). The shape, size and 
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chemical composition are recorded. The wafer substrate 

background chemical element spectrum is also obtained to be 

compared with the particle chemical element spectrum. 
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Chapter 4 

RESULTS 

4.1 Particle Deposition 

The statistically designed experiment described in 

Chapter 3 was performed. The trials were run in a random order 

to reduce systematic error. Two replicates were performed.The 

particle counts on wafers after etching were measured using a 

Tencor 364 which is caliberated as described in Chapter 2. The 

Tencor 364 is capable of counting particles in a size range 

specified by the operator. In this experiment, particles in 

size 0.2-0.4 jum2, 0.4-0.7 /urn2, 0.7-1.4 /im2, 1.4-2.7jxm2 and 2.7-

5.2/m2 are measured. The range of size were selected such that 

each range was the same on a logarithmic scale. The results of 

all experiments for both replicates of particle depostion are 

listed in Table 4.1. The listed figures are averages of three 

identical measurements from the Tencor 364 on the same wafers. 

The variance among three measurements on same wafer is less 

than 5%. 

From the table of particle size distribution, it is seen 

that particles in the 0.2-0.4 um2 range dominate(see also Fig. 

4.1). The number of particles decays almost exponentially as 

particle size increases. This behavior is seen in Fig. 4.1. 



Trlit 1»W« Prw«ur« Mom H— IOOWi ordr .2-.4 ,4-.7 .7-1.4 1-4-2.7 t.7-5.2 Total 

1 200 50 45 10 20 17 5278 2427 987 143 54 8922 
2 400 50 45 10 10 4 3906 1469 4a 80 31 5984 
3 200 110 45 10 10 18 1992 543 100 6 7 2651 
4 400 110 45 10 20 7 5228 2045 633 46 12 8014 
5 200 50 95 10 10 6 25Z3 656 162 37 5 3400 
6 400 50 95 10 20 2 8797 2917 689 66 56 12624 
7 200 110 95 10 20 11 5709 1528 254 19 14 7638 
a 400 110 95 10 10 13 3776 1044 223 18 21 5130 » 200 50 45 20 10 19 4950 850 132 18 13 <007 

10 400 50 45 20 20 20 9792 5461 2168 197 10 17600 
11 200 110 45 20 20 5 10011 6500 2875 304 41 20013 
12 400 110 45 20 10 8 10050 4456 1288 81 15 15953 
11 200 50 95 20 20 3 12484 7544 3052 275 7 23208 
14 400 50 95 20 10 12 13787 4083 901 120 10 18976 
15 200 110 95 20 10 14 8226 3418 988 67 25 12795 
16 400 110 95 20 20 9 18685 8336 2038 119 25 29277 
17 100 ao 70 15 15 22 5826 2449 823 82 45 9366 
IB 500 80 70 15 15 27 18778 7123 4466 2088 2141 35000 
19 300 20 70 15 15 23 9107 5513 2672 349 84 17829 
20 300 140 70 15 15 30 9587 3119 688 40 10 13481 
21 300 •0 20 15 15 31 3039 1153 558 112 a 4973 
22 300 ao 120 15 15 25 9291 3747 1043 75 18 14234 
23 300 ao 70 5 15 24 1318 319 67 11 16 1763 
24 300 ao 70 25 15 29 13961 8640 3462 473 51 26536 
25 300 ao 70 15 5 21 3996 1117 237 33 14 5413 
26 300 ao 70 15 25 2a 8773 1853 728 183 47 11031 

16698 27 300 ao 70 15 15 i 9582 5037 1866 126 21 
11031 
16698 

2S 300 ao 70 15 15 10 9514 2687 486 19 10 12777 
29 300 ao 70 15 15 15 9850 5237 1898 121 10 17136 
30 300 ao 70 15 15 16 9067 457V 1622 88 23 15401 
31 300 ao 70 15 15 26 9955 5036 1849 163 67 17203 
32 300 ao 70 15 15 32 M83 4186 1398 108 15 15453 

1 200 50 45 10 20 30 2206 494 215 95 83 3324 
2 400 50 45 10 10 24 1933 456 167 122 96 3044 
3 200 110 45 10 10 10 860 127 55 47 62 1294 
4 400 110 45 10 20 5 5143 2533 931 64 8 86«S 
5 200 50 95 10 10 22 2208 605 245 115 68 S344 
6 400 50 95 10 20 13 7040 2916 947 a a 11132 
7 200 110 95 10 20 19 4910 1846 497 39 17 7362 • 400 110 95 10 10 21 2929 806 227 81 56 4333 9 200 50 45 20 10 29 8104 1865 1207 375 196 12283 

10 *00 50 45 20 20 a 10841 8276 47*» 763 319 25751 
11 200 110 45 20 20 a 9639 7361 3828 304 25 21296 
12 400 110 45 20 10 H 8353 3607 1070 e 41 13298 
13 200 50 95 20 20 2 11459 1020 3171 336 4S 22133 
14 400 50 95 20 10 26 11931 3836 1215 351 243 18757 
15 200 110 95 20 10 3 7539 3082 840 45 6 11542 
16 400 110 95 20 20 16 18155 6759 1624 164 92 27142 
17 100 ao 70 15 15 17 5353 2051 618 a 14 8137 
18 500 ao 70 15 15 20 10814 3822 1427 494 506 18621 
If 300 20 70 15 15 7 10332 6428 2*81 273 63 19931 
20 300 140 70 15 15 27 7735 2128 507 157 126 11062 

4644 21 300 ao 20 15 15 4 3012 1152 321 55 22 
11062 
4644 

22 300 ao 120 15 15 11 8456 3637 1173 111 44 13526 
23 300 ao 70 5 15 6 1692 379 68 11 11 2255 24 300 ao 70 25 15 25 15878 6260 1817 214 161 25096 25 300 ao 70 15 5 32 3234 840 700 445 278 6134 
26 300 ao 70 15 25 28 13095 5192 1459 182 140 20504 
27 300 ao 70 15 15 15 *481 4262 12*1 116 43 15392 
28 300 ao 70 15 15 31 8303 2511 962 440 360 13232 
29 300 ao 70 15 15 ia 7659 3041 1023 126 42 12009 
30 300 ao 70 15 15 i 8068 3782 1368 345 165 13891 
31 300 ao 70 15 15 12 8473 >958 1334 112 52 14051 32 300 ao 70 15 15 9 8509 3888 1188 ar 26 13775 

Tifcl* 4.1 hptrlMnt TrUli wid ta-tlclt Papoalttv) HtMurad 
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Particle Size vs Count 
Particle Count (Thousands) 

m p 
1.4-2.7 2.7-5.2 

Particle Size (urn) 

Fig. 4.1 Plot of Particle Count versus Particle Size at central 
trial 
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Moreover, particles are observed to distribute evenly on the 

silicon wafer surfaces according to the particle map displayed 

on the Surf scan when wafers are measured (as shown in Fig. 

4.2). This is an indication that particle deposition occurred 

homogeneously on the wafers. Early measurements of particles 

using the Tencor 5500 at SEMATECH showed a low haze signal on 

the wafers [14]. Haze is the amount of wafer surface 

roughness. Hence, it can be said that there was no significant 

film or surface roughness that will affect the particle count. 

4.2 Data Analysis 

To analyze the experimental results, the complete second 

order model represented by equation (3.1) is used. A personal 

computer version statistical package called "MYSTAT" is used. 

"MYSTAT" performs Analysis of Variance (ANOVA) and analysis of 

residuals. Residuals is the difference between the 

experimentally observed particle count and the model predicted 

particle count. The software package also computes the 

coefficients of the model in equation (3.1). The T-test with 

95% confidence level is performed on each coefficient term to 

determine its significant. The adequacy of model R2 and Ra2 are 

also computed. 

It is found that the 13.56 MHz power, flow rate, etch 
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Fig* 4.2 Particle Map diagram generated by Tencor 364. 
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time and 100 kHz power have linear effects on particle 

deposition. Moreover, flow rate and 100 kHz power have 

significant second order coefficient. Also, the interaction 

between etch time and 100 kHz is significant. The R2 and Ra2 

are 87.9% and 82.2%, respectively, which in this case means 

that 82.2% of variation observed is explained by the model 

constructed. These variations will be displayed and discussed 

further in Chapter 5. 

Residual analysis is performed and the residuals are 

plotted against trial number as shown in Fig. 4.3. Three 

trials (10,18,26) are found to be outliers. Outliers are 

experimental trials with particle counts significantly 

different from the particle counts predicted by the model. The 

three outliers can be easily determined from the plot. 

Ignoring the three outliers, the full second order model 

is used again for "MYSTAT" analysis. The R2 and Ra2 are 

improved to 95.9% and 93.8%, respectively. The major linear 

effects are 13.56 MHz power, flow rate, etch time and 100 kHz. 

The second order effect of flow rate remains. But the second 

order effect of 100 kHz disappeared. The interaction between 

etch time and 100 kHz are still significant. 

Now, using only the significant coefficients mentioned in 



RESIDUAL 

15000 

10000 

5000 

0 

-5000 

-10000 

• • • • • • 

•• 2 •• * 2* * * 2* • 2 
•  2  *  *  •  •  * 2 *  

• • • • 2 • • 

X 

10 20 30 40 
TRIAL 

Fig. 4.3 Plot of Rasiduals varaua Trials 



46 

previous paragraph for the model, the same statistical 

analysis shows that 93.7% of the particle deposition 

variations because of the plasma parameters are explained by 

the selected model coefficiences, namely linear effects of 

13.56 MHz (B,) , flow rate (Bj) , etch time (B4) and 100 kHz 

power (B5) , second order effect of flow rate (Bjj) and 

interaction between etch time and 100 kHz (BA5). The resulting 

model of particle deposition is therefore 

Particle Deposition = 13952 + 2180^ + 1535.y3 + 6284A"4 

+ 3828*5 - 1250X32 + 14 2 4X4X5 (4.1) 

The standard errors of model computed by "MYSTAT" are listed 

in Table 4.2. 

Similar analysis of variance is performed on particle 

deposition for particle sizes of 0.2-0.4 um2, 0.4-0.7 um2, 0.7-

1.4 um2, 1.4-2.7 um2 and 2.7-5.2 um2 using a complete second 

order model. The results are listed in table 4.3. It can be 

seen that the model fits best for particles within size range 

of 0.2-0.4um2. As particle size increases, R2 and Ra2 

decreases. This showed that plasma parameters have less 

effects on large size particle deposition than that on small 

size particle deposition. 
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Table 4.2 Model Coefficients and standard errors 

Model Coefficients Standard Error 

B0 13953 292 

B, 2180 270 

B, 1535 257 

B, 6284 257 

B* 3828 270 

B,2 -1250 231 

B4B5 1423 317 
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Table 4.3 Analysis of Variance on particle counts at 
different size ranges 
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0.7-1.4 1.4-2.7 2.7-5.: 

R2 92.2% 84.6% 70.7% 39.8% 39.5% 

R.2 88.6% 77.4% 57.0% 11.9% 11.4% 

F-ratio 25.44 11.79 5.18 1.42 1.41 

P 0.00 0.00 0.00 0.16 0.17 
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The standard deviation of the central replicates can be 

used to reflect the accuracy of the experiment. The average of 

twelve central replicates is found to be 14752. The sum of 

squares is defined as the sum of the squares of the difference 

between each observed count and the above average. The sum of 

square is computed to be 3.27 x 107. The standard deviation is 

the square root of sum of square divided by the degrees of 

freedom, which for our case is 11. The standard deviation is 

computed to be 1725. Hence, the error at central point of the 

model is 11.7%. 

The average particle deposition of the first and second 

replicates are found to be 13515 and 12718, repectively. The 

difference between the two replicates is 797, which is smaller 

than the standard error computed in the previous paragraph. 

Therefore, there is no significant drift of particle 

deposition between the two replicates. 

4.4 Particle Chemical Analysis 

Scanning Auger Microprobe analysis of randomly selected 

particles after SF6 etches indicates that particles contain 

elements of carbon (C), oxygen (0) , silicon (Si), surlfur (S) 
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and fluorine (F), as shown in Fig. 4.4. Analysis of the wafer 

substrate (where there is no particle) indicates the presence 

of C, 0, S, Si and F. However, after sputtering the wafer with 

argon ions to remove a thin film of about 20 A, the substrate 

contains only Si. The particles still contains C, O, S, Si and 

F after ion sputtering. Therefore, a very thin layer of 

substrate contains the same elements as the particles. Also, 

some particles (about 20% of the randomly selected particles) 

contains aluminum (Al), and is found throughout the particle 

volume. 

Most of the particles have d<2um, where d is the particle 

diameter. There are few particles for d>2um; furthermore, 

these particles contain many elements. Finally, all analyzed 

particles have very smooth edges. 



52 

Chapter 5 

DISCUSSION 

5.1 Model of Paricle Contamination 

The particle deposition model as a function of plasma 

parameters (4.2) is used to plot particle deposition vs 

selected plasma parameters. 

5.2 Effects of 13.56 MHz rf power 

In Fig. 5.1, particle deposition is plotted against 13.56 

MHz rf power. It can be seen that particle count increases 

linearly with increasing rf power. At high 13.56 MHz power, 

the energy of electrons in the plasma is higher than that at 

low 13.56 MHz power. Therefore, a higher ionization rate is 

expected to generate high concentration of reactive plasma 

species. Thus, the particle count also increases as the 

concentration of plasma species increases. Moreover, as time 

increases, the curves shift upward linearly to indicate a 

linear correlation between particle depostion and time. A 

linear time dependence suggests that particles are deposited 

evenly and continuously during the whole etching process. 
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5.3 Effects of Gas Flow Rate 

Figure 5.2 is a plot of particle deposition against gas 

flow rate. The curvature of curves indicates a second order 

effect of flow rate on particle deposition. At low flow rate, 

particle deposition increases as flow rate increases. Then, 

particle depostion reaches a maximum and decreases as flow 

rate is further increased. From other work not reported here, 

a similar-effect of gas flow rate on reactive ion etch depth 

of silicon is observed. This correspondence suggests that at 

low flow rate, etch depth is limited by the amount of reactive 

gas species. As more species flow into the reactor, the etch 

depth increases. As flow rate increases further, however, the 

residence time of reactive species in the reactor decreases, 

i.e. reactive species are swept away rapidly from the chamber 

and there is not enough time for reactions to take place. 

Thus, etch rate decreases. Therefore, particle deposition is 

positively correlated to the amount of reactive species in the 

chamber and the amount of time they stay inside the chamber. 

5.4 Effects of 100 kHz power 

A plot of particle deposition against 100 kHz power shows 

a linear dependence of particle count on 100 kHz power, as 

shown in Fig. 5.3. Nevertheless, as time increases, the slope 
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Flow Rate & Time vs Particle Count 
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Fig. 5.2 Particle Count versus flow rate and time 
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100KHZ Power & Time vs Particle Count 
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Fig. 5.3 Particle Count versus 100 kHz rf power and time 
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of the curves increases. Figure 5.3 demonstrates an 

interaction between 100 kHz power and time. The 100 kHz power 

drives the wafer electrode, and is directly related to the 

energy of ions that bombard on the silicon wafer surface. At 

high 100 kHz power, the ions have a larger energy than at low 

power. However, we cannot find an explanation for the 

interactione between 100 kHz power and time. 

5.5 Effects of Pressure 

There is no observable effect of pressure on particle 

deposition within the range of pressure explored in this work. 

5.6 Scanning Auger Microprobe Analysis 

According to the Scanning Auger Microprobe analysis, a 

strong SF6 gas involvement in particle formation is observed, 

namely, the existence of sulfur (S) and fluorine (F) in the 

particles. Moreover, the presence of aluminum (Al) in some 

particle indicates that the chamber wall, which is the only 

source of aluminum, also plays a role in particle formation. 

In addition, the gas filter, control runs and clean chamber 

internal wall prevent the existence of any particles before 

etching process. It is also unlikely that the particles are 

formed from flaking of chamber interior because flakes usually 
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have very sharp edges and the particles are observed to have 

very smooth edges. We speculate that the particle formation 

mechanism is a gas-to-solid condensation on some type of 

nucleation sites within the plasma. This concept is strongly 

supported by the observation of the exponentially decaying 

particle size distribution. 

The presence of nucleation sites is then an essential 

part for the njucleation mechanism proposed above. Possible 

sources of nucleation sites can be the aluminum wall. Under 

strong ion bombardment, small particle "seeds" consisting of 

less than hundreds of atoms can be easily departed from the 

chamber wall surface [8]. Then reactive gas atoms can 

coagulate on these nucleation sites and eventually grow into 

particles. As a result, the formation of particle depends 

greatly on the availablity of reactive species, i.e. the 

concentration and residence time of species, inside the 

chamber. Similarly, another source is the silicon wafer. 
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Chapter 6 

SUMMARY AND CONCLUSION 

It can be concluded that process generated particle 

contamination is a serious problem in the microelectronics 

industry. We have shown for SF6 that the particle count is 

repeatable and predictable with a standard error of 11.7% as 

a function of parameter space. 

Particle deposition has a strong linear dependence on 

etch time. Particle deposition has no observable dependence on 

chamber pressure within the pressure range explored. A second 

order effect of particle deposition on gas flow rate is 

observed. Particle deposition is also linearly dependent to 

both the 13.56 MHz power and 100 kHz power. An interaction is 

seen between 100 kHz power and etch time. 

Gas to solid conversion and condensation is a very 

probable mechanism of particle formation. This is because the 

presence of sulfur and fluorine in the particles indicates a 

strong gas involvement. Also, the particles have smooth edges 

which means that particle resulting from gas condensation is 

a more probable particle generation mechanism than particles 

resulting from chamber interior flaking. The nucleation sites, 
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on which gas can condense and grow into a particle, can be 

supplied from flaking clusters of tens of atoms from the 

aluminum chamber wall and/or silicon wafer surface due to 

strong ion bombardments [8]. 

The particle deposition model in Tegal MCR-1 plasma 

etching reactor using SF^argon plasma is designed to predict 

particle count for the five plasma parameters explored in the 

experiments. The model and use of statistical design is also 

an indication that any plasma etch process tool can be 

characterized for a relatively few number of trial runs. 

To pursue studies of process generated particles, it is 

essential to examine particle formation and deposition 

characteristics using substrates other than silicon: for 

example, polysilicon and silicon dioxide. Other gas 

chemistries are also recomended: for example CF4/02 and 

CHFj/Oj. Comparing the results from various etching substrates 

and gas chemistries can be used as a stepping stone to 

understanding particle formation mechanisms. Also, one may 

discover methods and procedures to reduce particle deposition 

on process wafers. 
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