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ABSTRACT 

Particulate contamination during wafer processing is a 

major concern in the microelectronics industry. The impuri

ties may be generated from holding tanks, shipping containers, 

-filter membranes and photolithographic materials, and hence 

may be organic and inorganic in nature. In liquids, these 

particles develop a surface charge, the magnitude and sign of 

which is unique for a particular sOlid/liquid combination. 

The substrate that is processed in liquids also develops a 

similar surface charge, and if the charge on the substrate and 

impurity particles are opposite to each other, deposition of 

impurities onto the substrate is likely to occur. Hence an 

understanding of the surface charge characteristics may have 

an impact in developing techniques to control particulate 

contamination from semiconductor process liquids. In this 

work, an attempt has been made to elucidate the surface 

charge characteristics of a variety of organic and inorganic 

particles in liquids of interest to the semiconductor indus

try. The techniques of microelectrophoresis and streaming 

potential using flat plates and filter membranes were used to 

this end. The data obtained have been utilized to understand 

and predict particulate contamination from liquids and 

deposition onto the wafer surfaces. This might in turn be 
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useful in developing filter membranes of interest to the 

semiconductor industry. 
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CHAPTER 1 

INTRODUCTION 

Particulate contamination during wafer fabrication 

involving wet processing is among the major concerns of the 

microelectronics industry. As the feature sizes in 

semiconductor technology are reduced to l:5ubmicron levels, 

contamination control requirements have become much more 

stringent. Higher device yields, and ultimately higher 

profits for the semiconductor manufacturer, are closely 

related to the maintenance of low levels of particulate 

contamination in the wafer fabrication environment. Such 

particulates can bG metallic, ceramic or polymeric in nature, 

and may already be present in the process liquids or be 

generated in situ during processing. Depending on the 

chemical nature of the processing liquid, the particles may 

develop a surface electrical charge that is characteristic of 

the particulate/liquid combination. At the same time, the 

substrates being processed are likely to develop a similar 

surface charge. 

Particulate impurities may be generated from holding 

tanks, shipping containers, filter membranes and photo

lithographic materials and are organic or inorganic in nature. 

Of the many polymeric impurities that are potential problems, 
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positive photoresist particles are of great concern. It is 

well known that resist particles are released from bellows of 

pumps used for the dispensing of photoresist solutions and 

during stripping stages. positive resists also become quite 

brittle on exposure to UV light and release particles during 

the developing stage. 

The two main forces that are responsible, for particle

substrate interaction in liquids are Van der Waals (attrac

tive) and electrostatic (attractive or repulsive) forces. If 

the particle and the surface bear charges of the same sign, 

then electrostatic energy of interaction will be repulsive and 

particle deposition may be mitigated if the repulsive energy 

is greater than Van der Waals attraction energy. However, if 

there are areas on the wafers that bear a surface charge that 

is opposite to the charge borne by the particulate impurities, 

then particulate deposition will occur as a result of electro

static attraction. 

Filtration using polymeric membranes is the most widely 

used teChnique for the reduction of particulate impurities in 

process liquids. The charge developed by these membranes 

affects efficient capture of particles. Moreover, these 

electrostatic attraction forces are exploited in the design 

and performance of the positively charged filters that are 

widely used in the semiconductor industry for the removal of 

negatively charged bacterial fragments from DI water. Hence 
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an understanding of the surface c~,::I:r.ge characteristics of the 

representative impurity particles in liquids may have an 

impact in development of future techniques to control contami

nation in semiconductor process liquids. 

The primary objective of our research was to characterize 

various organic and inorganic particulates in different 

semiconductor process liquids using the microelectrophoresis 

technique. The electrokinetic characterization of wafers and 

filter membranes was done by a streaming potential technique. 

The information obtained from the electrokinetic analysis of 

particulates and flat plates has been used to compute the 

energy of interactions between model impurities and wafer 

surfaces under various solution conditions. since both organic 

liquids and aqueous solutions are used in wafer processing, 

both media were considered in calculating the energy of 

interactions. Another objective of the research was to 

experimentally verify the deposition of particulates onto 

wafer surfaces due to electrostatic energy of interactions 

between particles and wafer surface. 
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CHAPTER 2 

BACKGROUND AND LITERATURE SURVEY 

Many researchers believe that the presence of particulate 

impurities in process liquids is a major source of contamina

·tion in semiconductor manUfacturing. Bansal [1] has discussed 

a decrease in the yield in integrated circuit (IC) manufactur

ing from contaminated chemicals, and has suggested on-line 

point-of-use microfiltration during chemical 

photoresist stripping. Dillenbeck [2] has 

cleaning and 

stressed the 

importance of close cooperation between chemical suppliers and 

Ie manufacturers for proper control of the particulate 

contamination and higher yields. 

Naggar [3] has also suggested a combined effort between 

the users and suppliers of process chemicals in developing 

proper filtration techniques and filter membranes for con

trolling particulate contamination in IC manUfacturing. He 

has also called for state-of-the-art technology in the 

manufacture and packaging of chemicals to keep pace with the 

high technological developments in the semiconductor industry. 

A similar recommendation has been expressed by Dalcero [4] in 

the evaluation of chemicals, filtration materials and 

equipment, in order to avoid contamination, due to leaching out 

of construction materials. 
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Khilnani [5] has pointed out that reagents are one of the 

major sources of contamination in IC manufacturing and has 

shown the effectiveness of point-of-use filtration in reducing 

contaminants on wafer surfaces . 

. 2.1 contamination in Process Liquids 

2.1.1 DI Water· 

DI water is one of the most: extensively used liquids in 

wafer processing. The need for ultra-pure water becomes more 

important daily. It becomes particularly acute with the 

shrinking feature sizes. As mentioned by Yabe et ale [7], if 

water, even with a very low impurity concentration, remains 

within the structures having high aspect ratios, the residual 

impurities diffuse during processing of the wafer, resulting 

in the change of the impurity concentration of silicon. 

Although large scale integrated circuit (LSI) fabrication 

demands ultra-pure water that would leave no residue on the 

wafer surface after drying, a certain degree of solubility of 

silicon in DI water, and a deposit onto the wafer surface, is 

well known. However, with the shrinking photolithographic 

feature size, the reduction of residual contaminants in 

ultra-pure chemicals and DI water is of paramount importance. 

Yabe and his co-workers have further shown that the impurity 

level due to bacteria is higher than the doped impurity 
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concentration in commonly used wafers, and is sufficient to 

create local changes in wafer properties. 

Carmody et al. [8] have demonstrated that the success of 

the contamination control depends primarily on the effective-

ness of the chemical/mechanical process components in the D1 

water system. However, complete system analysis and preven-

tive maintenance of the process equipment, based on the point-

of-use data on resistivity, temperature, particulate counts, 

total organic content (TOC) , bacteria and dissolved oxygen, 

are of paramount importance in achieving ultra high-quality D1 

water [Table 1]. 

Table 1 

Road Map for Major contamination in D1 Water 
(from ref. [8]) 

Pa:;:ameter Actual a 

Resistivity @25OC, iO.5 (Mn-cm) 18 
Temperature ±2.0 (OC) 14-31 
TOC (ppb) <10 
Dissolved O~ (ppb) <30 
Live bacter1a (per 100 ml) <1.0 
SEM bacteria (per L) 10 ±7 
Total silicon (ppb) <5.0 
Particles (per L): 

>0.020 f.,Lm NA 
>0.1 f.,Lm 335 ±184 
0.1-0.5 f.,LID 185 ±146 

a± values reported at 95 % confidence levels 
NA - not applicable 

Goal for 
1990s 

18 
23.0 

<20 
<75 

<0.2 
8.0 

<1. 0 

<12.0 
<1.0 
<1.0 
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2.1.2 Chemicals 

Particulates in chemicals is another major concern in the 

microelectronics industry. The specifications for the 

chemicals as proposed by Tolliver [9] is shown in Table 2. 

But in practice, large numbers of particles are found 

(Table 3) [10] even in highly clean semiconductor grade 

chemicals. Hence, it is absolutely essential to control the 

particulate level in order to achieve higher yields. 

Table 2 

Maximum Impurity Guidelines for High Purity Chemicals 

Category 1988 1990 1993 

Metals Individual <25 ppb <1-3 ppb <1 ppb 
Metals Total <200 <50 <25 
Anions Individual <10 <5 <2 
Anions Total <50 <25 <12 
Particles <1000/L <5600/L <2700/L 

~0.2 J.1.m ~0.05 J.1.m ~0.03 J.1.m 

(Source: Seminar on Defect Density Management, University 
of Arizona, February 15-17, 1989) [from ref. 9] 

As shown in Figure 1, particulate pickup in che~llical 

baths is also dependent on the material on the wafer surface. 

The data in this figure clearly show the detrimental impact of 

HF etching followed by RCA cleaning. However, the impact of 

particulate pickup is much more severe when the wafer is 

etched down to bare silicon. Oxides partially etched in HF 



Table 3 

Typical and specified Particulate contamination 
in Chemicals (Particles/liter) 

(from ref. 10) 

Chemical Grade ~0.5 /.Lm ~1 /.Lm ~5 /.Lm ~10 /.Lm 

H2SO4 MOS 66M 6M lOOK 
H202 MOS 10M aOOK 40K 
HF MOS 1M lOOK 2K 
HCI MOS 2.2M 200K 13K 
H2SO4 VLSI 6K 1K 300 
H20 2 VLSI 5K 2K 600 200 
HF VLSI 30K 3K 1K 200 
HCI VLSI 7.6K 1.6K 500 
NHt.F VLSI 40K 4K 

22 

are not as susceptible to particulate contamination as to bare 

silicon. 

Particulates in the incoming photoresist solution is 

another cause of concern in the microelectronics industry. 

Apart from centrifugation and electrophoresis, filtration 

using submicron filters is commonly employed in the 

purification of photoresist solutions. For effective 

performance, Mary Long [11] has stressed the need for 

refiltration of photoresists after every 4-6 weeks of shelf 

life. She has also pointed out that unfiltered rinses, 

developers, etchants, primers and strippers could also be 

potential sources of particulates in microlithography. 

Moreover, the bellows of the pump and dip tube put into the 

bottles also add contaminants to the wafer surface. 
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Figure 1. Addition of particulates to a wafer 
during variations of a RCA cleaning process 
(from ref. 10). 
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The use of bag-in-bottle (BIB) container technology for 

dispensing photoresist has been demonstrated by Cole et al. 

[12). This method eliminates particle contamination due to 

the removal of bottle cap and dip tube insertion and with

drawal from the photoresist solution. Moreover, autoswitching 

of BIB with low level sensors allows 100% uptime during bottle 

changeover. 

yield loss due to the deposition of the photoresist 

aerosol particles onto the edge of a silicon wafer is a well 

known problem in the spin coating process. Pratt [13) has 

investigated the effects of spin coating process variables on 

the number, size and shape of photoresist particles. Using the 

optical counting technique, he has shown that more than two 

milli~n particles (0.3-5 micron range"Yare produced during the 

coating of a four-inch wafer with photoresists for a period of 

30 seconds. 

Buffered oxide etch (BOE) is a commonly used reagent in 

the wet etching of silicon dioxide. Due to the hydrophobic 

nature of the wafer surface after the oxide etch, the etching 

and rinsing typically increase particulate deposition onto the 

wafer surface [14]. In order to improve the wetting charac

teristics of buffered hydrogen fluoride (BHF) to perform 

surface etching and complete cleaning of high aspect ratio 

contacts and vias, surfactants are often added. However, it is 

generally accepted that particle counts increase in BHF with 
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added surfactants, and even after filtration the particle 

counts cannot be reduced. This is especially true with finer 

particles, which are difficult to filter out. But these 

particles coagulate at the critical micelle concentration 

(CMC) of the added surfactant and therefore can be removed by 

. filtration [15]. Figure 2 shows that the particle capture by 

the filter membranes can be enhanced by the selection of 

appropriate surfactants, mixing ratio of the specific surfac

tants, CMC, and the purity of the surfactant used in the 

system. 

2.2 Particulate count in Process Liquids 

Many researchers [2,6J have expressed the need for 

developing effective particle counting using the laser light 

scattering technique. wi th this technique, the number of 

particles per milliliter can be measured by counting the 

number of scattered light pulses required to flow a known 

value of water through the detection region (Fig. 3). Other 

methods of particle counting in high purity water systems 

using scanning electron microscopy (SEM) and light trans

mission microscopy (LTM) have been shown by Anderson [16J. 

A comparative study of the particle size distributions 

in chemicals and Dr water was conducted by Osburn et al. [10]. 

Figures 4(a,b) show the plots of particle size distribution 

for various chemical systems. Each figure includes a 
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normalized reference line as set by Federal standard 209 C. 

Based on the steepness of the slope, Osburn et al. arrived at 

the conclusion that with the shrinking circuit geometry, 

particulate contamination from 01 water will be of more 

concern than contamination from chemicals. 

In contrast to aqueous systems, particulate counting in 

non-aqueous chemicals is known to present major difficulties 

due to the formation of bubbles in the liquid. This is 

especially true with liquids having a vapor pressure higher 

than water, e.g. hydrogen peroxide, ammonium hydroxide, etc. 

Dillenbeck [17) has proposed a pressurizing technique to 

suppress the bubble formation within the cell. 

It is well known that particulate materials can be 

removed from the liquid through mechanical sieving, in which 

all the particles larger than the pore size are removed. The 

efficiency of filtration is controlled by the relative size of 

the particulate contaminants and the pore size of the filter 

membrane. But, removal of very fine particles needs very fine 

pore size filter membranes and has the undesirable character

istic of high pressure drop across the filter membrane. This 

in turn results in short filter life and inefficient 

particulate capture and filtration. 

Particulates can also be removed by adsorption onto the 

filter surface. Removal of particulates by this mechanism is 

controlled by the surface characteristics of the suspended 
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particulate matter and the filter medium. It has been reported 

by many researchers [18,19] that most suspended solids which 

are subjected to removal by filtration are negatively charged 

in aqueous solutions. Pall and his co-workers [19] have 

mentioned that if the charge of the suspended particles and 

the filter surfaces are of like sign, with zeta potential 

greater than 20 mV, mutual repulsion forces will be suffi

ciently strong to prevent capture of the particulates by 

absorption. However, if the zeta potential of the suspended 

particles and the filter surfaces are of opposite sign, the 

particles will tend to adhere to the filter surfaces with high 

capture efficiencies. They have further mentioned that 

although most of the particles in aqueous system are negative

ly charged, there may also be positively charged particulates 

in liquids of interest in microelectronics manufacturing. 

Pall et al. [19] have developed a microporous filter 

system comprising two types of hydrophilic filter membranes 

operating in series. These two filter membranes have opposite 

zeta potential. The first one is comprised of a surface modi

fied, hydrophilic microphorous polyamide membrane containing 

quaternary ammonium groups in the hydroxide form and having 

positive zeta potential, whereas the second filter medium is 

comprised of a hydrophilic, microporous polyamide membrane 

having a negative zeta potential. 
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The chemistry, structure and function of polymeric 

filter membranes have been discussed by Cheryan [20). 

Figure 5 shows the schematic diagram of the general procedure 

for the manufacture of synthetic polymeric membranes (nylon). 

The polymer combined with a suitable solvent and swelling 

. agent forms the casting dope which in turn is sent to the 

casting machine to make flat membranes. The preparation of 

surface modified, hydrophilic, microporous polyamide membranes 

with negative zeta potentials over the pH range of 3 to 10 has 

been shown by Pall et al. [21). The casting solution was 

comprised of an alcohol-insoluble polyamide resin (Nylon 66) 

having a ratio of methylene CH2 to amide NHCO groups within 

the range from 5: 1 to about 7: I, a water soluble membrane 

surface modifying polymer having functional groups such as 

carboxyl and sulfonic, and a solvent system such as formic 

acid and water in which the casting resin system is soluble. 

Positively charged filter membranes are cast from a solution 

comprising of a polyamide, a quaternary ammonium polymer and 

formic acid. 

2.3 Surface Charge of Particulates 

2.3.1 Aqueous Medium 

Various mechanisms are responsible for the development of 

an electrical charge when the surfaces of materials are 

immersed in liquid media. In an aqueous environment, the 
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SWELLI NG AGENT SOLVENTS 

Figure 5. General procedures for the manufacture ot membranes 
by the phase inversion process (from ref. 20). 
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charging mechanisms for dispersed colloidal particles are 

fairly well understood and accepted. According to Fuerstenau 

[22 J, adsorption phenomena at oxide/water interfaces are 

usually controlled by the electrical double layer and hence 

one must be concerned with factors responsible for the charge 

on the oxide surface and with the behavior of ions that adsorb 

as counter ions to maintain electroneutrali ty. For the 

oxides, hydrogen and hydroxyl ions have long been considered 

to be potential determining. since oxides form hydroxylated 

surfaces when in contact with water, a hydroxylated surface 

should be expected when the solid is in equilibrium with an 

aqueous solution. Adsorption-dissociation of H+ from the 

surface hydroxyls can account for the surface charge on the 

oxides. 

- + 
MOH(surf) .. MOsurf + Haq 

Parks and deBruyn [23J have postulated a different 

mechanism as being responsible for the charging of oxide 

surfaces. It involves partial dissolution of the oxide and 



34 

formation of hydroxyl complexes in solution, followed by 

adsorption of these complexes: 

3-m 
M (OH) 3(aq) ..... M (OH) m(aq) + (3 -m) OH(aq) 

3-m... 3-m 
M(OH)m(aq) M(OH)m(surf) 

The surface charge on an oxide can be expressed as 

as = F (r~ - r~H)' ~"here (r~ - r~H) is the net adsorption density 

of the potential determining ions (mole per cm2) and F is the 

Faraday constant. The adsorption density can be measured by 

acid/base titration of a suspension of the oxide in water. 

Because a system (solid plus liquid) requires electro-

neutrality, a diffuse layer of counter ions, which has a 

charge opposite to that of the surface, will form, thereby 

neutralizing the surface charge. Taken together, the surface 

charge and counter ions make up a so-called electrical double 

layer or space charge layer. The establishment of such a 

layer at a solid/liquid interface creates an interfacial 

potential, the sign and magnitude of which is dependent on 

solution conditions, such as pH, and solid characteristics, 

such as acid/base behavior. This potential decays from a 

finite value at the surface to zero in the bulk of the 

solution (Fig. 6). 
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Figure 6. Schematic diagram of the structure of the 
electrical double layer at the particle/liquid 
interface. 
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The single most important parameter that describes the 

electrical double layer of an oxide in water is the point-of

zero charge (PZC). Assuming the potential differences due to 

dipoles, etc., remain constant, the surface potential is 

considered to be zero at the PZC. In contrast to the situa

tion in which the potential determining ions are specific for 

each system, any ions present in the solution can function as 

the counter ions. It has been well established that the 

counter ions reside in a diffuse layer that extends from the 

interface out into the solution. 

If the counter ions are adsorbed only by electrostatic 

attraction, these are called indifferent ions. On the other 

hand, some ions exhibit surface activity in addition to 

electrostatic attraction because of such phenomena as covalent 

bond formation, hydrophobic bonding, solvation effects etc. 

Because of their surface activity, such ions may be able to 

reverse the sign of the electrokinetic potential at the 

solid/solution interface. This phenomenon is called the 

"reversal of zeta potential." 

2.3.2 Non-Aqueous Medium 

As mentioned, in aqueous environments the charging 

mechanisms are well understood and acceptable. However, the 

charging mechanisms of oxides in non-aqueous liquids are not 

well understood. Hudson [24] has reviewed the charging 
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mechanisms in non-aqueous liquids proposed by many 

researchers. The preferential adsorption of dissociated ions 

in solution and the dissociation of any dissociable groups on 

the particle surface are the most frequently cited charging 

mechanisms in the subject's literature [25,26]. 

Kitahara [25] has proposed the following reactions to 

explain the charging of particle (P) in a non-aqueous solvent 

(S) : 

P + S + H+ + OH -+ PH+ + S + OH- (1) 

(2 ) 

If the surface of the particle is more basic than the ~olvent 

S, then equation (1) is responsible for charging and the 

particle develops a positive charge. The reverse is true for 

the case of the solvent which is more basic than the particle 

surface. The high affinity of water present in non-aqueous 

solvent for inorganic oxides has also been shown by Lyklema 

[26] • 

Lewis acid/base interactions may also play a dominant 

role in deciding the nature of the charge developed on the 

particle surface in organic liquids. If the liquid is an 

electron donor and the solid is an electron acceptor, then the 

solid, behaving as an acid, will become negatively charged. 

The magnitude of charge developed by such interactions is of 

the order of 5 to 50 ~c/cm2 of surface. 
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2.4 Electrokinetic Theory 

2.4.1 zeta Potential Measurements 

While one cannot measure the potential developed at the 

surface of such insulating particles as oxides, the potential 

at a small distance (-5 AO) from the surface on the solution 

side of the interface can be measured by such electrokinetic 

methods as electrophoresis and streaming potential. In 

electrophoresis, the pa:cticles suspended in a liquid are 

exposed to a potential gradient, typically 10-20 V/cm, which 

results in movement toward the appropriate electrode of the 

particles and that portion of the double layer containing 

strongly adsorbed counter ions. In other words, the double 

layer is sheared at a location very close to the surface and 

part of the double layer moves with the particles. 

In aqueous systems, the reciprocal of double layer 

thickness is given by the equation ~ = 3.26 X 107 jO, where c 

is the molar concentration of the electrolyte. In 1 ppm KCI 

solution, the double layer thickness can be calculated to be 

approximately 350 AO. As the concentration increases, the 

double layer thickness decreases due to the compression of the 

double layer. 

The potential at or near the shear plane is called the 

zeta potential (r) and it can be calculated if the electric 

mobility (U) of the particles is known [27]. (For insulating 

particles, the zeta potential is the only quantity that is 
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experimentally measurable.) The relation between U and r is 

as follows: 

(3) 

In this equation, 

r zeta potential (V) 

K a constant 

ry viscosity of the medium (poise) 

€o permittivity of the free space (Coul/Vcm) 

€r relative dielectric constant 

U electrophoretic mobility (cm/sec per V/cm) 

The constant K will have a value of 4 or 6, depending on the 

relative size of the particles and the thickness of the double 

layer. 

In the case of non-aqueous electrophoresis, non-

uniformity of the applied electrical fields and possibility of 

large potential drops near the electrodes are of great 

concern. These are due to the low dielectric constant of 

organic liquids «20) compared to approximately 80 of that of 

water. Sufficient precautions should be taken during the 

electrophoresis to avoid polarization of the cell [28]. 

2.4.2 streaming Potential Measurements 

The microelectrophoresis technique can not be used to 

measure the charge characteristics of flat plates and filter 
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membranes. The streaming potential technique can be used for 

this purpose. In this method, a liquid is forced at a 

controlled pressure (~P) through a narrow gap between two flat 

plates or capillaries in the filter membranes, and the 

potential (~V) developed due to the flow of the mobile part of 

the electrical double layer (which bears a charge equal and 

opposite to the surface charge) is measured by placing two 

electrodes at each end of the gap. This potential is called 

the streaming potential. An excellent review of streaming 

potential techniques has been published by Ball and Fuerstenau 

[29j. The zeta potential can be calculated by measuring the 

streaming potential by using the Helmholtz-Smoluchoski 

equation: 

In this equation, 

ry viscosity of the medium (poise) 

A specific conductivity of the solution 

€ = dielectric constant of the solution 

~v streaming potential (volts) 

~p driving pressure (psi) 

(4 ) 

The ratio ~v/~P is of paramount importance in obtaining 

an accurate value of zeta potential using the streaming 

potential technique. Ball and Fuerntenau have also made the 
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following important observations in measuring the ratio 

l:!.V/l:!.P: 

(1) Although the plot of streaming potential vs. pres

sure difference is linear, in most cases it does 

not pass through the origin (Fig. 7). 

(2) For the two flow directions, the slopes are essen

tially equal but intercepts are different at zero 

pressure. 

(3) Asymmetric potential is observed in most cases due 

to the slight difference in potentials of the two 

electrodes. 

(4) Polarization potential varies with time and 

direction of flow, and is a function primarily of 

the electrodes including their preparation, treat

ment, cleaning and concentration, and type of 

electrolyte. 

Korpi and DeBruyn [30] have suggested that subtraction of 

an appropriate potential from the observed potential may 

reduce the polarization errors, although this does not take 

into account the polarization potential changes with time and 

direction of flow. They made a comparison of the performance 

of Ag/AgCl and platinum electrodes in the measurement of 

streaming potential and concluded that both types of elec

trodes gave identical results (Fig. 8). This is contrary to 

the conclusion of Kessom [31], who found the offset potential 
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of the silver-silver chloride electrodes to be more stable 

than those of platinum electrodes. 

2.5 Electrokinetic Characterization of Polymeric Filter 
Membranes 

Polycarbonate membranes are widely used in micro-

filtration applications. Kessom et al. [32] conducted 

streaming potential studies of track etched polycarbonate 

membranes and revealed that the membranes possess an ionogenic 

surface of low negative charge density. Electron spectroscopy 

for chemical analysis (ESCA) showed the presence of carboxylic 

acid groups on the surface. They concluded that the surface 

charge was developed by the dissociation of surface carboxylic 

groups with an average pKa of 3.9. 

Characterization of ultrafiltration membranes using a 

streaming potential technique has been done by Nystrom and his 

co-workers [33]. They reported the characterization of 

modified and unmodified polysulfone and polyvinylidene 

fluoride membranes in solutions of different pH and ionic 

strength. They also discussed the effects of charge 

modification on the zeta potential of different types of 

membranes. From the study of different charge modified and 

unmodified filter membranes of various pore sizes, they 

concluded that the calculation of the zeta potential from 

streaming potential data does not give reproducible results in 
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the case of very narrow pore size membranes. This could be 

due to a double layer thickness larger than the pore radius. 

Knight and ostreicher [34] used the concept of streaming 

potential to characterize filter membranes and found a 

correlation between the zeta potential and the efficiency of 

the filter membranes. Using latex particles, they have shown 

that filtration performance could be enhanced by modifying the 

surface charge characteristics of the filter membranes using 

polyelectrolytes. The results of the challenge test are shown 

in Figure 9. The figure shows that streaming potential decays 

linearly from a negative value, through zero, and then 

asymptotically approaches a positive normalized streaming 

potential. As the streaming potential approached and passed 

through zero, the filtration efficiency started to decay. 

This decay continued until the efficiency asymptotically 

approached zero, allowing all of the latex to pass through the 

filter media. 

Jacobasch and Schurz [35] have reported the development 

of an automated streaming potential analyzer capable of 

characterizing flat plates and foils. 

Van wagener and Andrade [36] have measured streaming 

potential of polymeric materials in the form of flat plates 

using the streaming potential technique. In a recent paper, 

Ribitsch et al. [37] have demonstrated the measurement of zeta 
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potential of fibers, films and granules using the streaming 

potential technique. 

2.6 Particle Adhesion and Energy of Interactions 

Particle deposition onto surfaces from liquids can be 

affected by the charge developed by the surface and by 

impurity particles in liquids. As has been pointed out by 

Bowling [38] and others, the two main forces that are 

responsible for particle-substrate interaction in liquids are 

the Van der Waals attractive forces and electrostatic 

repulsive forces. Bowling has clearly demonstrated that a 

basic understanding of particle adhE!sion is of paramount 

importance to ensure particle-free semiconductor processing. 

Mittal and Khilnani [39,5] have analyzed the major 

physicochemical factors involved in adhesion of particles onto 

surfaces. They have demonstrated that capillary adhesion 

results due to the condensation of process liquids in between 

the particle and the substrate and is the strongest force of 

adhesion which can only be removed by mechanical agitation. 

Menon et al. [40] have shown that in spite of the 

widespread use of SCI and SC2 solutions for removing organic 

films, metals and ionic contaminants, the processes are 

unsuitable for removing insoluble particles from wafer 

surfaces. This is due to the fact that these processes lack 

the force required to detach particles from the wafer surface. 
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They have further mentioned that megasonic/SC1 solution 

promotes wetting of the particles and the wafer, allowing 

liquid to penetrate the spaces between them. This results in 

the decrease of the Van der Waals force of attraction, thereby 

decreasing adhesion of particles onto the wafer surface. 

In another work, Menon et ale [41] have demonstrated that 

oxide etching followed by DI water rinse is inherently a 

"dirty" process and that the ammonium hydroxide/H20 2/water 

removes only a few particles from the wafer surface. This 

could be due to the hydrophobic nature of the etched oxide 

surface resulting in the deposition of the particulates onto 

the wafer surface. 

Interaction energies can be computed by the DLVO theory. 

This theory involves the estimations of the energy due to the 

overlap of electric double layers and the London-Van der Waals 

energy in terms of interparticle distance. The summation of 

the two energies gives the total interaction energy in terms 

of interparticle distance. Colloid stability is then inter

preted in terms of the nature of the interaction energy

distance profile [42]. 

One of the most important properties of colloidal 

dispersions is the tGndency of the particles to aggregate. 

Encounters between particles dispersed in liquid media occur 

frequently and the stability of a dispersion is determined by 

the interaction between the particles during these encounters. 
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In determining the total interaction energy between two 

particles, both the particles may maintain either positive or 

negative charges during double layer interaction. 

In the constant potential case, electrochemical 

equilibrium prevails between surfaces. However, in the 

. constant charge case, the adsorption density of the species 

responsible for the charge on the surface is not disturbed. 

A general expression has been derived by Hogg, Healy and 

Fuerstenau [43] to describe the potential energy of inter

action between dissimilar spherical colloidal particles, using 

the linear (Debye-Huckel) approximation for low surface 

potentials. The relationship between the electrostatic double 

layer repulsive energy and the surface potentials in the 

constant potential case holds for values of ~01 or ~~ of less 

than 25 mV, and for solution conditions such that the double 

layer thickness is small compared to the particle size. 

An equation has been derived by Kar et al. [44] to 

evaluate the potential energy of interaction between the 

electrical double layers on two dissimilar spherical parti

cles, one of which has been characterized by a constant 

surface potential and the other by a constant surface charge 

density. This analysis has also been based on the Debye

Huckel approximation. In this case also, the condition 

~a » 1 is satisfied. 
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However, Ohshima et ale [45] have developed expressions 

applicable for low and moderate potentials by correcting the 

HHF equation to the fourth and sixth powers of the surface 

potentials. Ohshima et al. [46] further improved the HHF 

formula by curvature correction for the electrical double 

layer interaction of two dissimilar spherical particles. They 

confined themselves to the case where the surface potentials 

of particles remain constant during the interaction and are 

small enough to apply the linear Debye-Huckel approximation. 
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CHAPTER 3 

MA'l'ERIALS AND METHODS 

3.1 Materials 

Inorganic particulates, e.g. ultrafine «0.1 um) gamma 

alumina (AKPG), CAB-O-SIL (-0.007 um) (HS-5) and silicon, were 

obtained from Sumitomo Chemical Co., Cabot Corp. and Morton 

Thiokol Inc. The polymers under investigation, i. e. poly

carbonate resin, polysulfone, polypropylene isotactic, poly 

(vinyl fluoride) , and poly (tetrafluoroethylene) , were obtained 

from Scientific Polymer Products, Inc. 

For the electrokinetic characterization of positive 

photoresists, KTI 820 (KTI Chemicals Co.) and AZ 5214-E resist 

(Hoechst Celanese Corp.) were chosen. Tetra methyl ammonium 

hydroxide (TMD) positive developer solution was obtained from 

KTI Chemicals Co. 

Chromatographic-grade acetone, isopropyl alcohol and 

ethanol were purchased from different vendors. Ammonium 

hydrogen fluoride (NH4F.HF) and ammonium persulfate were 

purchased from Alfa Products Inc. and Mallinckrodt, 

respectively. 

For the determination of moisture content in acetone by 

the Karl Fisher method, Aquastar Comp 5K and Aquastar Solvent 

K from EM Industries, Inc., were used. For the determination 
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of water content in alcohols, standard Karl Fisher reagents 

were used. 

Positively charged nylon based Posidyne filter membranes 

were obtained from Pall Corp. Zetapor filter membranes 

(charge modified and unmodified) were received from Cuno. 

Nylux (Nylon 66) filter membranes were obtained from Meissner 

filtration Products, Inc. 

3.2 Methods 

3.2.1 Preparation of Particles 

Polysulfone and polycarbonates were obtained in the form 

of beads. To prepare particles for mobility measurements, 

these resins were dissolved in chloroform and the solutions 

were evaporated at room temperature. The residues were then 

crushed into a powder, washed with ethyl alcohol and DI water, 

and dried at room t-emperature. In some cases, a vliley mill 

was used for grinding the beads to a fine powder. 

Particles were obtained from the photoresist solution as 

follows. Precleaned silicon wafers were first oxidized at 

10500 C for 20 minutes, then spin-coated with the photoresist 

solution for 30 seconds at 4000 rpm using a model CD 1011 

spinner (Soli tec, Mountain View, CA). The resist-coated 

wafers were baked on an Omnichuck (Model 6330) hot plate 

(Machine Technology, Parsippany, NJ) for 2 minutes at 95°C. 

Particles were generated by carefully scraping off the baked 
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resist with a clean razor blade. To prepare UV-exposed resist 

particles, a few of the baked resist-coated wafers were 

exposed to UV light at a wave length of 365 nm for 20 seconds 

using a Cobilt CA 800 contact printer (Applied Materials, 

santa Clara, CA). Particles were then generated by scraping. 

3.2.2 Measurement of Electrophoretic Mobility 

The electrophoretic mobility of the particles was 

determined using a Zetameter (Zetameter, Inc., New York, NY). 

A glass-PTFE cell with a path length of 10 cm, a platinum

iridium cathode, and a molybdenum anode were used for the 

measurements. Very dilute suspensions, containing 0.1-0.3 gm 

of particles per liter of solution, were first prepared in an 

ultrasonic bath and then transferred to the cell for mobility 

measurements at a voltage gradient of 15 V/cm in the case of 

aqueous solutions and 30-100 V/cm for organic liquids. At 

least 15 particles were tracked and their mobilities were 

averaged. A model 501 Lazer Zeemeter (Pen Kern, Inc., Bedford 

Hills, NY) was used to cross-check the mobility measurements. 

Unlike the Zetameter unit, in which mobilities of individual 

particles are measured, the Zeemeter is designed to focus on 

a collection of particles. 

In experiments aimed at the investigation of the effects 

of solution reduction-oxidation potential (known as redox or 

ORP) on the mobility of resist particles, a Model 97-78-00 
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platinum redox electrode (orion, Cambridge, MA) was used in 

conjunction with a millivolt meter. The redox potential was 

varied by the addition of ammonium persulfate to the solution. 

3.2.3 Fourier Transform Infrared Spectroscopy (FTIR) 
Analysis 

Photoresis't-coated wafers were analyzed in the transmis-

sion mode using a Perkin Elmer Model 180. The wafers were 

spin-coated with photoresists and baked for 2 minutes at 95°C 

on an Omnichuck to remove solvents from the wafer surface. 

Alkaline immersion treatments (60 secs) of both the unexposed 

and UV-exposed photoresist-coated wafers were carried out 

using a positive developer solution (TMD, KTI Chemicals Inc.). 

3.2.4 Construction and Operation of Streaming Potential 
Equipment for Characterization of Filter Membranes 

3.2.4.1 Measurement of Streaming Potentials 

The flow system was first thoroughly rinsed with several 

reservoir volumes of DI water for a sufficient length of time. 

The filter membrane was placed in position and the bypass 

valve was opened to increase the flow rate to approximately 

100% (550 ml/minute). The flow rate was then reduced to about 

10% and the bypass valve was closed, allowing the liquid to 

flow only through the filter membrane. The entrapped gas in 

the pressure cavity and connecting pipes to the transducer was 

removed by bleeding through the bleed ports in the pressure 
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transducer. This prevented the pneumatic spring action of the 

entrapped gas, leading to the decretlse in the frequency 

response of the measuring system. This was evident in 

observing the flow of liquid through the bleed ports of the 

pressure transducer. 

The potential difference generated due to the flow of 

liquid through the membranes was measured at a number of flow 

rates. 

3.2.4.2 Experimental Apparatus 

The experimetal apparatus for streaming potential 

measurement is shown in Figure 10. It consists of a pump, 

fluid reservoir, flow cell, pressure transducer, carrier 

demodulator, an electrometer, and necessary fittings and 

lines. Fluid was pumped through the filter membrane, held in 

place tightly using mechanical pressure to avoid any leakages, 

and returned to the reservoir. The potential difference and 

the differential pressure generated across the filter 

membrane, due to the flow of liquid through the filter 

membrane, were measured using a high impedance electrometer 

and a pressure transducer respectively. The conductivity and 

temperature of the flowing solution are measured by an 

Electrokinetic analyzer (EKA). As suggested by Ball and 

Fuerstenau [29], the differential pressure and the potential 

difference were measured at various flow rates to eliminate 
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non-zero potential difference at zero pressure. A detailed 

description of the different parts used in constructing the 

apparatus is given below. 

3.2.4.3 Flow Cell 

Two blocks of PTFE (15 cm x 10 cm x 10 cm) were obtained 

from Almac Plastics, Inc., Phoenix, ,AZ. The flow channel was 

created by machining and drilling. The electrode ports and 

the liquid inlet and outlet ports were fitted with 1/2" male 

connectors (1/2" pipe compression fitting for 1/2" O.D tube) • 

The recirculation of liquid from the tank through the pump and 

the flow cell was carried out using 3/8" LD x 1/2" O.D teflon 

tUbing. The pressure ports and the bypass ports were fitted 

with 1/4" hose x 1/8" male connectors. The pressure 

transducer and the bypass line were connected to the flow cell 

through teflon ball valves fitted with 1/4" O.D tubing. 

To hold the filter membrane holder, a teflon support plate 

was initially used. But due to the very slippery nature of 

teflon, this approach proved unsuccessful. 

polyacrylic support plate solved this problem. 

The use of a 

Teflon O-ring 

seals were used between blocks and the support plates to avoid 

any leakage around the membrane. 
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3.2.4.4 Circulation Pump 

For flow generation, a valveless rotating and reciprocat

ing piston metering pump (QD-1, Fluid Metering, Inc., New 

York, NY) with ceramic teflon head for sanitary (SAN) 

application was used. The maximum flow rate of the pump was 

550 ml/minute with an accuracy of about 1% against. a maximum 

flow resistance of 100 psi. The minimum flow rate of the pump 

was 22 ml/min [47). 

3.2.4.5 Differential Pressure Measurement 

A variable reluctance pressure transducer (DP15-40) from 

Validyne corporation, Northridge, CA, was used to measure the 

differential pressure across the filter membrane. In this 

transducer, a diaphragm of magnetically permeable stainless 

steel was clamped between two blocks of stainless steel, with 

an induction coil embedded in each block. An inconel disc 

provided a corrosion resistance surface on the coil assembly. 

Due to the pressure difference across the filter membrane 

appl ied through the pressure ports, the deflection of the 

diaphragm occured toward the cavity with the lower presssure. 

This deflection decreased one gap (about 0.005 inch) and 

increased the other. with the change in the gap, the magnetic 

reluctance varied, which in turn changed the inductance value 

of each coil. 
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The transducer was connected to an AC bridge circuit. The 

magnitude and phase of the AC signal output depends on the 

direction of deflection of the diaphragm [48]. This signal 

output from the bridge circuit in turn gets amplified, 

demodulated and filtered to a DC voltage, using a carrier 

demodulator (CD 23, Validyne corporation). various types of 

metal diaphragms for a wide range of differencial pressure 

measurements were used. 

3.2.4.6 Calibration 

A known source of pressure was required for the calibra

tion of the pressure transducer. A relative manometer was 

used for this purpose. One port of the transducer and one 

side of the manometer were connected to a hand pump (ABA type, 

15 psi) obtained from Altra Sales, Anaheim, CA. The other 

side of the manometer and the other port of the transducer 

were left open to the atmosphere. During calibration, the 

range switch of the carrier demodulator was put in the low 

(LO) position, and, with no pressure applied, the dial was 

locked at zero indication on the digital meter. Then with the 

range switch in the high (HI) position, the span control was 

adjusted according to the % of pressure applied on the 

transducer. 
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3.2.4.7 Potential Measurement 

A Keithley (model 614) electrometer was used to measure 

the potential difference generated during flow of liquid 

through the filter membranes. This electrometer has an input 

impedance of 5Xl0'3 n in parallel with 20 pF capacitor. The 

resolution in the 0.2 V and 2 V ranges are 10 ~V and 100 ~V 

respectively. Prior to taking any reading, it was very 

important to make the zero check of the electrometer. This 

was done by shorting the preamplifier feedback using the zero 

check button. In the 0.2 V range, the volt I s zero was 

adjusted to read 0.000 ± 1 digit. 

3.2.4.8 Preparation Of Silver-Silver Chloride Electrodes 

For the measurement of the potential difference, silver 

reference electrodes (Ag 850-S7), 12 mm diameter with poly

propylene body, were obtained from Ingold, wilmington, MA. 

Silver electrodes were first cleaned in an aluminum pan 

containing boiling sodium bicarbonate solution for 15 minutes. 

This removed sulfide impurities from the metal surface. After 

being rinsed in DI water, the electrodes were immersed in 12 N 

HCl for 15 minutes and washed thoroughly in DI water. 

The silver electrodes were plated with silver chloride by 

placing them as anodes in a solution of 1 N HCl [49]. One Ti 

billet was used as a cathode. The plating solution was 

stirred continuously with a magnetic stirrer. A constant 
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current (0.004 amp) power source (Hewlett Packard, 6634 A 

system, DC power supply) was used for plating the electrodes. 

Current was passed for 40 minutes to convert a sufficient 

amount of silver to silver chloride. 

After the chloridizing step, the electrodes were washed 

. in DI water and stored in 0.005 M KCl solution with the leads 

connected to each other to reduce asymmetric potential of the 

electrodes. 

3.2.4.9 Conductivity, pH and Temperature Measurements 

For the measurement of conductivity and temperature of 

the solution, an Electrokinetic Analyzer was used. The pH 

measurement was made using an orion Model 701 A pH meter. 

3.3 Effect of Flow Directions on the streaming Potentials 

Ball and Fuerstenau [29] have pointed out that a stream

ing potential vs. differential pressure plot may be different 

for forward and reverse flow directions. Hence it was decided 

to check the extent of hysteresis in the values measured with 

the apparatus built in this study. The results of the test 

are displayed in Figure 11. It is evident from the figure 

that the hysteresis is negligible, especially at higher 

pressure drops. 
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3.4 Particulate Deposition onto Wafer Surfaces 

An attempt was made to elucidate the effects of pH on the 

electrostatic interaction between impurity particles and 

silicon wafer. Precleaned 4-inch wafers were obtained from 

Motorola, Inc. The particle counting on the wafers was done 

using a Tencor 364 surfscan particle detector. A solution (pH 

5.4) containing 0.5 ppm alumina (1 micron) was prepared under 

a constant stirring condition. The wafers were immersed ver

tically in the solution. After holding for one minute, the 

wafers were pulled out of the solution and dried in air. The 

particulate count on the wafer surface was again determined 

using the procedure mentioned above. The difference between 

the initial and final counts was taken as the number of 

particulates deposited onto the wafer surface. The pH of the 

solution was increased to 9.5 using semiconductor grade 

ammonium hydroxide. A similar procedure of immersing and 

holding for a definite length of time was used. After drying 

the wafers in air, particulate deposition onto the wafer 

surface was also determined in this case. 



CHAPTER 4 

RESULTS AND DISCUSSION 

4.1 Electrokinetic Characterization of Particulates 

4.1.1 Inorganic and Organic Particulates in Organic Media 

64 

In the semicolilductor fabrication, wafers are processed in 

various organic liquids such as acetone, isopropyl alcohol and 

ethanol. Many researchers [50) believe that on contact with 

organic liquids, polymeric materials give off a certain number 

of particles by shedding. Moreover, inorganic particulates 

from various sources are also present in various organic 

liquids. Hence, it was decided to determine the zeta poten

tial of inorganic and organic particulates in different 

organic liquids of interest to the semiconductor industry. 

'I'he zeta potential of alumina, silica, poly (tetrafluoro

ethylene), polypropylene, polysulfone, poly(vinyl fluoride) 

and polycarbonate in acetone, isopropyl alcohol and ethanol 

are given in Table 4. The data indicate that alumina parti

cles have a positive charge in all the three liquids stUdied. 

Under similar conditions, silica particles have a negative 

charge and all polymeric materials are negatively charged in 

acetone, isopropyl alcohol and ethanol. The zeta potential of 

all particles except polycarbonate is considerably larger in 

isopropyl alcohol than in acetone or ethanol. The zeta 



65 

Table 4 

Results of the Characterization of Organic 
and Inorganic Particles 

zeta 
Potential 

Medium Type of Particles (mV) 

si (-)22 ±2 
-y-A1203 42 ±3 

Acetone Si02 (-)37 ±3 
(2.64 X 106 ohm ern) 

Poly (tetrafluoroethylene) (-)27 ±2 
Polypropylene isotactic (-)60 ±5 

Water content Polycarbonate resin (-)29 ±2 
2895 ppm Poly(vinyl fluoride) (-)27 ±2 

Polysulfone (-)30 ±2 

si (-)45 ±3 
-y-Al203 90 ±4 
Si02 (-)78 ±5 

Isopropyl alcohol Poly (tetrafluoroethylene) (-)216 ±7 
(3.37 x 109 ohm cm) Polypropylene isotactic (-)60 ±5 

Water content Polycarbonate resin (-)29 ±3 
216 ppm Poly(vinyl fluoride) (-)75 ±5 

Polysulfone (-)108 ±5 

si (-)28 ±3 
-y-Al203 30 ±3 
Si02 (-)35 ±3 

Ethanol Poly (tetrafluoroethylene) (-)37 ±3 
(1. 52 X 109 ohm cm) 
Water content Polypropylene isotactic (-)39 ±3 
28 ppm Polycarbonate resin (-)55 ±4 

Poly(vinyl fluoride) (-)12 ±3 
Polysulfone (-)25 ±2 
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potential of poly (tetrafluoroethylene) is extremely high 

(-216 mV) in isopropyl alcohol. These high zeta potential 

values may be the reason for the choice of IPA for prewetting 

hydrophobic filter membranes. 

water is an impurity in electronic grade acetone and 

alcohols. Hence it was decided to investigate the effects of 

water content in acetone on the electrokinetic characteristics 

of silica and alumina. Figure 12 shows that an increase in 

the water content of acetone renders alumina more positive 

whereas silica becomes more negative with increasing water 

content in acetone. This very interesting phenomenon can be 

explained by the acid-base theory of particle charging in 

liquids. As proposed by Kitahara [25], if the particle is 

more basic than the solvent, the particle will acquire a 

positive charge. On the other hand, if the solvent is more 

basic than the particle, the particle will develop a negative 

charge. It is quite evident from the figure that.alumina, 

being more basic than acetone, acquires a more positive charge 

with increasing water content in acetone. Similarly, silica, 

being more acidic than acetone, acquires a more negative 

charge with the increase in the water content in acetone. 

Ohmi et ale [51] have actively investigated isopropyl 

alcohol (IPA) vapor drying technology to reduce contamination 

on wafers. In this work, they found the water content in IPA 
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to have a profound effect on the defect density of wafers. As 

shown in Figure 13, the number of defects due to organic and 

inorganic particulates on the wafer surface was within the 

tolerable limit, up to 660 ppm moisture content, in IPA. 

However, with the increase in the water content exceeding 2000 

ppm, the defects in the wafer surface increased substantially. 

Hence in this work, it was decided that the electrokinetic 

characterization of representative impurity particles in IPA 

as a function of water content should be carried out. The 

results of the analysis are shown in Figure 14. It is evident 

from the figure that an increase in the water content of IPA 

increases the zeta potential of alumina particles. This may 

be responsible for increased particulate contaminants observed 

at higher water contents. 

4.1.2 Inorganic Particulates in Aqueous Solutions 

Figure 15 shows the surface charge characteristics of 

alumina and silica in aqueous solutions of different pH and in 

buffered etch solutions. These results show that the zeta 

potential of alumina particles can be either positive or 

negative depending on the pH of the aqueous medium and that 

the isoelectric point (IEP) of alumina is 8.3. This is widely 

quoted in literature on the subject. On the other hand, the 

silica particles that are quite acidic are characterized by an 
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Defect density as a function of water content in 
isopropyl alcohol (IPA) (from ref. 51). 
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rEP of 2.8. In buffered etch solutions maintained at differ

ent pH values, the rEP of alumina is slightly lower, occurring 

at pH 8. This could be due to the adsorption of fluoride ions 

onto alumina particles. Fluoride ions do not seem to markedly 

affect the zeta potential of silica particles under the 

conditions investigated. 

Silicon particles are a major source of contamination in 

wafer cleaning. Several researchers [40,41] have reported 

that the removal of silicon particles from the wafer surface 

is one of the major problems in wafer processing. For the 

most part, these particulates come from wafer polishing and 

scribing operations and contaminate the process liquids [41]. 

The researchers have also pointed out that, after stripping of 

oxide, the wafers become susceptible to particulate deposition 

due to increased surface energy on the hydrophobic surface/ 

aqueous solution interface. Hence it was decided to study the 

zeta potential of silicon in water, KCI and buffered etch 

solutions maintained at different pH values. The electro

kinetic characteristics of treated and untreated silicon in Dr 

water as a function of pH, controlled by NaOH and HCl, are 

shown in Figure 16. Treated particles were prepared by 

deglazing the silicon particles in 50:1 (H20:HF) solution for 

15 minutes and thoroughly washing them in Dr water. The 

figure shows that even after treatment with HF, the IEP of 
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silicon particles (pH4) did not change, indicating that only 

a very thin layer of oxide was present on the as-received 

silicon particles. Moreover, from the figure, it appears that 

fluoride ions do not adsorb appreciably onto the particles. 

It has been mentioned by Menon et al. [40] that at low 

ultrasonic cleaning energy, the cleaning efficiency of silicon 

dust in SC-l solution (5:1:1 blend of H20, NH40H and H20 2) is 

lower than in Dr water. They have (Figure 17) concluded that 

the low cleaning efficiency in the SC-l solution could be due 

to the decrease in the zeta potential of silicon particles at 

very high pH of the solution. This results in the reduction 

of the electrostatic double layer repulsive forces and in the 

formation of weak chemical bonds between the silicon wafer 

surface and the silicon particles. It is clear from 

Figure 16, that the zeta potential decreases if the pH is 

increased above 8. However, for high-cleaning energy systems, 

the bonds break quickly and cleaning with SCI is more 

efficient than with 01 water. 

It has been mentioned earlier that particulate removal 

from wafer surfaces is more difficult in an alkaline solution 

than in 01 water, particularly in low energy systems. 

However, the problem becomes more acute in buffered oxide 

etched silicon wafers followed by a 01 water rinse. In an 

attempt to understand the behavior of silicon in buffered etch 

solutions, the zeta potential measurements of silicon in 
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dilute KCI and a buffered etch solution were carried out. The 

results are displayed in Figure 18. The isoelectric point of 

silicon in dilute KCI solution occurs at pH 4, but in a 

buffered etch solution the IEP shifts from pH 4 to pH 3.1. 

The adsorption of fluoride ions at the silicon/wafer interface 

must be responsible for the shifting of the isoelectric point 

of silicon particles to a lower pH value. 

Piranha and peroxydisulfuric acids are widely used in the 

electronic industry for resist stripping from the wafer 

surfaces. These chemicals have varying solution potentials. 

The effects of varying solution potentials on the electro

phoretic behavior of silicon particles maintained in sulfate 

solutions are shown in Figure 19. It may be recalled from 

Figure 16 that silicon particles exhibit a positive zeta 

potential of approximately 20 mV at pH 3. However, at an 

aging time of 30 minutes, the zeta potential becomes less 

positive with an increase in the solution potential. When the 

treatment time was increased to 18 hours at a solution 

potential of 660 mV, or 48 hours at a solution potential of 

600 mV, the zeta potential became negative. This could be due 

to the formation of a thin layer of silicon dioxide on the 

surface of the particles, rendering the particles negatively 

charged at pH 3. This supports the experimental results 

reported in Figure 16. 
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4.1.3 Organic Particulates in Aqueous Solutions 

Sulfate-containing solutions are widely used in the 

electronics industry. In an attempt to elucidate the effects 

of sulfate on poly (tetrafluoroethylene), an electrokinetic 

study of the teflon particles was done in solutions controlled 

.by sulfuric acid and sodium hydroxide. The results of the 

experiments are shown in Figure 20. 

Even though the supplier (Scientific Polymer) did not 

explicitly state it, the poly (tetrafluoroethylene) particles 

were hydrophobic in nature. The particles exhibit a point-of

zero charge at pH 2.6 and are negatively charged above pH 2.6. 

Many researchers [52,53] have explained that the negative 

charge or zeta potential of neutral polymers, such as PTFE, is 

due to the specific adsorption of anions such as sulfate, 

hydroxide and chloride from solution. However, the reversal 

of charge at around pH 3 is intriguing and has not been 

reported in the subject's literature. Van Wagenen et al. [52] 

have mentioned that smaller, more polarizable and less 

hydrated anions such as OW and Cl- exhibit an increased 

tendency to partition at a hydrophobic particulate/liquid 

interface. 

Since hydrochloric acid is a commonly used reagent in the 

semiconductor industry, it was decided that the charging 

behavior of Teflon PTFE in aqueous solutions containing 

chloride ions should be studied. In these experiments, the 
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ionic strength of the aqueous medium was controlled in an 

aqueous medium, with the KCl and pH of the solution being 

adjusted by adding HCl and NaOH. In chloride-containing 

solutions, Teflon PTFE exhibits an IEP of 4.8 (Figure 21). 

This is mue';'} higher than the IEP elf Teflon PTFE in solutions 

containing sulfate ions, indicating that sulfate ions 

specifically adsorb onto Teflon PTFE. 

Rance [54], working with PTFE latex particles, found the 

zeta potential of PTFE to become increasingly negative with a 

decreasing pH. His experimental data are also reported in 

Figure 21. According to his findings, this unusual behavior 

was observed in spite of the protonation of the surface 

ionogenic groups. However, his arguments for this reverse 

behavior due to the specific adsorption of ions onto the PTFE 

surface and the presence of adsorbed iron complexes are not 

supported by enough evidence. 

Figure 22 displays the variation of the zeta potential of 

Teflon PTFE as a function of buffered etch concentration at pH 

3 and pH 4. As the solution concentration of NH4F .HF is 

increased, the zeta potential of PTFE becomes less positive 

and eventually reverses its sign. The ammonium bifluoride 

concentrations at which reversal takes place at pH 4 and pH 3 

are 1. 9 x 10-3 M and 3.2 X 10-3 M respectively. 

These results strongly suggest that the fluoride ion 

behaves as a potential determining ion for Teflon PTFE. The 
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slope of the zeta potential versus log concentration plot was 

calculated in the linear region on either e;,ide of the point of 

zeta reversal at two different pH values. These slopes are 

approximately 42 mV and indicate the near Nernstian behavior 

of the system. This is extremely interesting behavior 

considering that Teflon PTFE is a covalent material. 

In order to further understand the electrokinetic 

behavior of fluorinated polymers, a partially fluorinated 

polymer PVF was chosen for investigation. A comparison of the 

structure of poly(vinyl fluoride) and PTFE (Figure 23) would 

indicate that PTFE is a completely fluorinated linear polymer f 

whereas PVF is a partially fluorinated compound containing 

fluorine atoms only on every other carbon atom of the main 

chain [55]. In the case of PTFE, the small size of the 

fluorine atom and the regularity of the fluorinated carbon 

chain polymer results in a highly dense crystalline polymeric 

material, whereas PVF is essentially amorphous and does not 

crystallize. 

The results of zeta potential vs. pH profile for poly 

(vinylfluoride) and PTFE are compared in Figure 24. PTFE is 

characterized by an IEP of 4.8 whereas PVF shows an IEP of 

3.3. The higher IEP of PTFE than PVF may be attributed to the 

complete fluorination of the carbon atoms. Theoretically, 

hydrocarbons do not possess an IEP and are negatively charged 
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in the entire pH range. The IEP of PVF at 3.3 could be due to 

the partial fluorination of the structure. 

since polycarbonate and polysulfone filters are used in 

the semiconductor industry, it was also decided that the 

electrokinetic characterization of these materials be carried 

out. The zeta potential of polycarbonate and polysulfone in 

aqueous KCI solutions maintained at different pH values are 

displayed in Figure 25. These two materials display very 

similar behavior and exhibit an IEP around pH 4. 

Polycarbonate has the general structural formula: 

(OC6H4C (CH3 ) 2C6H400C) n 

Ideally, this material should behave as a surface with one 

type of dissociable surface group, COOH. In this case one 

would expect the zeta potential to be near zero at pH values 

close to the pKa of the carboxylic acid and negative at pH 

values greater than pKa • contrary to the expectations from the 

theoretical considerations, the polycarbonate resin used 

exhibits an IEP of 4. These results indicate that in addition 

to the active carboxylic acid group, there is a basic active 

group on the surface of polycarbonate particles. A plausible 

explanation for this could arise from the fact that in the 

preparation of polycarbonates, the base pyridine is used to 

accept the acidic byproducts generated during the polymeriza

tion reaction. If some pyridine is incorporated into the 

structure, the surface of the particles would behave as if 
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these were comprised of two functional groups. Keesom [31J, 

working with polycarbonate membranes made by Nuclepore, Inc., 

measured an IEP of 2.8. He explained this as being due to the 

presence of polyvinylpyrrolidone (PVP) groups, which are 

usually incorporated to improve the wettability, on the 

surface. 

Whatever the reasons, the fact that the charge on the 

polycarbonate materials reverses has important implications 

for its use as a filter membrane. For example, the efficiency 

of this membrane to remove negatively charged particles and 

bacteria may drastically improve below pH 4. 

As mentioned earlier, in the semiconductor industry 

filter membranes often come in contact with sulfate-containing 

solutions. The electrokinetic behavior of polycarbonate in 

solutions whose pH is controlled controlled by sulfuric acid 

and sodium hydroxide are displayed in Figure 26. In sulfate

containing solutions, polycarbonate particles are negatively 

charged even at a pH 2.5, indicating the adsorption of sulfate 

ions onto the polymer. 

Oxidizing chemicals having varying redox potentials often 

come in contact with different polymeric materials. The 

effects of the solution redox potential on the electrokinetic 

characteristics of polycarbonate particles is displayed in 

Figure 27. It is apparent from the data in this figure that 

at a constant pH of 5.3, the solution potential has a strong 
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The zeta 

potential of polycarbonate particles become increasingly 

negative with an increase in the solution potential. A 

plausible explanation for this is that carboxylic acid groups 

are formed on the surface of the particles due to oxidation. 

since the pKa of carboxylic acids lie in the range 3.0 to 6.0, 

the ionization of carboxylic acid groups formed on the surface 

as a result of oxidation results in a higher surface charge 

and hence a more negative zeta potential. 

It has been seen earlier that fluoride ions exhibit a 

marked affinity for the surface of teflon and silicon. 

Figure 28 displays the effects of ammonium bifluoride on the 

electrokinetic characteristics of polycarbonate and 

polysulfone particles. It is evident from the figure that at 

both pH 4 and 7, polycarbonate and polysulfone are 

characterized by a negative zeta potential in the entire 

concentration range investigated. The figure also shows that 

the zeta potential becomes more negative with increasing 

fluoride concentration, indicating strong adsorption of 

fluoride ions onto the polymer surfaces. As may be recalled 

from Figure 25, polycarbonate material exhibits an rEP at 

pH 4. The fact that reversal of the zeta potential of 

polycarbonate occurs at pH 4 in the presence of ammonium 

bifluoride clearly shows that fluoride ions specifically 

adsorb at the polycarbonate/solution interface. 
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When fluoride salt is dissolved in water and pH is 

adjusted, different fluoride species (HP, P" or HP2) may be 

present in the solution. In an attempt to elucidate the 

fluorine species responsible for the charge on the polymeric 

particles, the relative concentration of different fluorine 

containing species in carried 10"2 M fluoride solution was 

calculated from thermodynamic data. The concentration-pH 

distribution diagram in Figure 29 shows that the predominant 

species above pH 3 is the free fluoride ion. The figure also 

shows that the concentration of complex fluoride ions-HF2 is 

very small compared to free fluoride ions at all pH values. 

However, HF2" may have stray adsorption characteristics and may 

be responsible for the increase in the magnitude of zeta 

potential. 

4.1.4 Photoresists in Chloride Solutions 

As mentioned previously, positive photoresist particles 

are potential problems in wafer processing, particularly from 

the contamination point of view. The first step toward 

understanding the contamination problems that may be caused by 

these resist particles lies in the characterization of the 

surface electrical charges that they develop when suspended in 

liquids. 
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In the first series of electrokinetic experiments which 

were carried out with positive resist particles in aqueous 

chloride solutions, the ionic strength of the solutions was 

controlled at 0.005 M using potassium chloride, and the 

solution pH was altered by the addition of hydrogen chloride 

and potassium hydroxide. As Figure 30 clearly shows, the 

isoelectric point of the unexposed Hoechst AZ 5214-E resist 

particles occurs at a pH very close to 4.7. The resist 

particles that have been exposed to UV light exhibit a 

slightly lower IEP of 3.8. At the same time, the zeta 

potential of the exposed particles is slightly lower (in 

magnitude) than the unexposed resist particles both below and 

above the IEP. A similar trend is also observed in the 

electrokinetic characteristics of positive photoresist KTI 820 

(Figure 31). It is apparent that the electrokinetic behavior 

of KTI 820 photoresist particles also changes due to the 

exposure to UV light. The exposed resist exhibits a lower IEP 

of 3.5 than the unexposed resist (4.6). The lower IEP of the 

exposed material can be explained as follows. The polymeric 

base of positive resists is typically a novolak type of resin 

that is mixed with a photoactive sensitizer such as quinone 

diazide [56) (Figure 32). Upon exposure to UV radiation, the 

functional groups of the sensitizer change from a diazoketone, 

a dissolution inhibitor, to a carboxylic acid (-COOH), a 

dissolution enhancer [57]. The -COOH groups are known to be 
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characterized by pKa values of 3 to 6. The formation of acid 

groups with low pKa values would be a plausible explanation 

for the lower IEP of photoresists exposed to UV light. 

4.1.5 Photoresist Particles in Sulfate solutions 

In an attempt to understand the charging behavior of 

photoresist particles in solutions containing sulfate ions, 

the zeta potential of particles in 18 M ohm cm DI water was 

measured as a function of pH, controlled by the addition of 

sodium hydroxide and sulfuric acid. The results of these 

experiments are shown in Figures 33 and 34. In the case of 

Hoechst AZ5214-E positive photoresists (Figure 33), the IEP of 

UV exposed particles decreases from a value 3.8 obtained in 

chloride solutions to 3.4 in the sulfate-containing solutions. 

A similar reduction in IEP from 4.5 to 4.0 was also measured 

for the unexposed particles. Similar behavior was observed in 

KTI 820 photoresists in sulfate-containing solutions, which is 

displayed in Figure 34. The unexposed particles show a 

de~rease in the IEP from 4.6 to 3.8 and the exposed particles 

are characterized by a decrease in IEP from 3.5 to 3. These 

results suggest that sulfate ions exhibit an affinity for 

adsorption at the resist particle/solution interface. More

over, from the displayed results it appears that KTI 820 

photoresists are more prone to the adsorption of sulfate ions 

than Hoechst AZ5214-E photoresists. Indeed, the strong 



101 

~~~t~~l &~ ~~TI~-~ ~@~~~J~~ ~~@~~~~~uSu 
30r--------------------------------------------. 

20 o Unexposed 6 Exposed 
~ 

:0 
6,\ 

'.6" Hoechst AZ 5214-E pos it i ve 
·0 
\ \ photoresist 

> 0 6~ E 
contro I led sulfuric . pH bl::J ac:c: - ~ a -10 0 and sodium h\ddrOxide 

-' \ c 
-20 OJ 6· -' ",6 .. a 

0. 0"6 
a -30 ~O' 
-' ~ 
OJ 6'0 N -40 '" ('6·· .. ",.. 6 ....... 6 

-50 ~O 
-50 -

---0 

-70 
0 2 3 4 5 6 7 8 9 10 11 12 

pH 

Figure 33. zeta potential of unexposed and UV-exposed 
photoresist particles as a function of solution 
pH (controlled by the addition of sulfuric acid 
and sod'iurn hydroxide) . 



> 
E 

0 

c 
Q) 

.-..J 

0 
0. 

0 
.-..J 

Q) 
N 

KTI 820 positive photoresist 
20.-------------------------------------------~ 

o Unexposed ~ Exposed 
10 

0 

6\\ 
~----------~~r---------------------------------~ ·· ... 6\ 

-10 

-20 

-30 

-40 

-50 

-60 
0 2 J 

\~ 
~. 0 

4 

' .... '. \PH control led b!d sui furic 
\\ acid and sodium hydroxide 

'. 0 

~·······D.~O 
........ ~ 

5 6 
pH 

7 

... D. ...... ~ 
....... 0 

8 9 10 II 12 

102 

Figure 34. Zeta potential of unexposed and UV-exposed KTI 820 
positive photoresist as a function of solution pH 
(controlled by the addition of sulfuric acid and 
sodium hydroxide). 



103 

adsorption characteristics of sulfate ions at solid/solution 

interfaces are well documented [58]. 

wi th regard to wafer processing considerations, the 

observed results indicate that stripping of resists with 

sulfate-containing solutions may result in particles con-

taining adsorbed sulfate ions with slightly modified 

electrokinetic propertjes. 

4.1.6 Effect of Solution Redox Potential on the zeta 
Potential of Particulates 

oxidizing chemicals such as piranha and peroxydisulfuric 

acid, which have varying redox potentials, are also used in 

the semiconductor industry for resist stripping. To 

investigate the possible effects of varying solution 

potentials on the electrophoretic behavior of positive 

photoresist particles, experiments were carried out in sulfate 

solutions maintained at different solution potentials using 

ammonium persulfate. All experiments were carried out at a pH 

of 3, and the redox potential was varied in the 500-750 mV 

range (with respect to silver-silver chloride). The results, 

which are displayed in Figure 35, clearly show that the 

solution redox potential has a strong influence on the zeta 

potential of resist particles. In the case of Hoechst 5214-E 

photoresist, at a redox potential of 550 mV, the particles are 

characterized by a positive zeta potential, but when the 
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solution conditions are made more oxidizing by increasing the 

concentration of persulfate such that the redox potential 

approaches a value of 700 mV, the zeta potential of the 

particles becomes negative. 

The reversal of the zeta potential from a positive to a 

negative value as the oxidizing power of the solution 

increased could perhaps be explained as resulting either from 

the formation of dissociable acid groups on the surface of the 

particles, or from the strong surface adsorption of persulfate 

or its dissociation products. Irrespective of the mechanism 

involved, ~he measured results imply that at acidic pH values, 

charging of photoresist particles, and hence their propensity 

for deposition onto charged areas of wafers, is altered by 

solution oxidation potential. 

4.1.7 FTIR study of Photoresists 

In order to establish the formation of carboxylic acid 

group functionalities in the positive resist materials upon 

exposure to UV light, FTIR spectra of a photoresist-coated 

wafer prior to and after treatment in tetramethyl ammonium 

hydroxide (TMD) positive resist developer solution were taken. 

FTIR spectra of the unexposed resist particulates prior to and 

after exposure to TMD are shown in Figure 36. The figure 

shows no evidence of the presence of carboxylic acid groups in 

the structure. The spectra of an exposed resist under similar 
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conditions are displayed in Figure 37. A comparison of the 

spectra clearly shows that, upon exposure to UV light, small 

peaks due to stretching of COO- at 1640 cm-1 and 1500 cm- 1 are 

present. Moreover, upon treatment of UV-exposed wafers with 

TMD positive developer solution, the intensity of the peak 

'becomes more pronounced. Then results clearly indicate that 

carboxylic acids form only upon exposure to UV light and the 

transformation of diazoketone to carboxylic acid is enhanced 

in the basic developer solution. The intensity of the C = N 

stretching peak at 2180 cm- 1 is shown to decrease upon exposure 

to UV light for 30 seconds, indicating unstable behavior of 

C = N bonding with its exposure to UV light. 

4.2 Electrokinetic Characterization of Flat Plates and Filter 
Membranes 

4.2.1 Flat Plates 

The electrokinetic characterization of wafer surfaces 

was carried out using the streaming potential technique in a 

Pen Kem-Paar Electrokinetic Analyzer. The zeta potential was 

calculated from the measured streaming potential using 

equation (4) as mentioned in the Background and Literature 

Review section. 

The zeta potential of p-type si plate as a function of pH 

is displayed in Figure 38. As should be evident from this 

figure, the isoelectric point of p-type si t~ '~rs at a pH of 

3.2. This is slightly different from the value of the 
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isoelectric point (pH 4) measured using the electrophoresis 

technique. However, it is interesting to note that unlike 

oxide surfaces, the zeta potential of si is almost constant in 

the pH range 7-10. The slight discrepancy in the IEP may be 

attributed to the difference in the chemical compositions of 

the two types of silicon obtained from different sources. 

The zeta potential vs. pH profile for oxide-coated 

silicon wafer in potassium chloride solutions is also dis

played in Figure 38. It can be easily discerned from the 

figure that the isoelectric point (IEP) of the oxide-coated 

wafer occurs at pH 2.6, which agrees quite well with the 

analysis of silica particles using the microelectrophoresis 

technique. The figure also indicates that the zeta potential 

vs. pH profile of oxide-coated wafers is very similar to that 

of any other oxide surface. 

4.2.2 Filter Membranes 

Nylon based filters are widely used in producing 

ultra-pure water for semiconductor manufacturing industries. 

To ensure efficient retention of negatively charged colloidal 

particulates and bacterial cell fragments, (positively) 

charge-modified nylon filters have been introduced. N66 

Posidyne from Pall Corporation and zetapor from Cuno, Inc. 

were used in the characterization of charge-modified filter 

membranes. It is claimed that [19) these filters are 
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hydrophilic with a high concentration of positively charged 

groups at the pore surfaces to provide a positive zeta 

potential and hence remove impurities by mechanical as well as 

electrostatic mechanisms. N66 Posidyne is solution cast from 

a system comprised of a polyamide, a quaternary ammonium 

polymer, and formic acid. In zetapor, the positively charged 

sites are created on a cast polyamide membrane by a chemical 

reaction involving an amine and an epoxide. 

The variation of streaming potentials of nylux, a commer

cially available nylon filter membrane, in DI water as a 

function of differential pressure in DI water (pH 5.5) is 

shown in Figure 39. The linearity of the plot indicates that 

the ratio of /::,V//::,P is consistent and meaningful. Although the 

streaming potential was high (about 500 mV), the calculated 

zeta potential was low (-4.9 mV) due to very low conductivity 

of DI water. However, when 0.001 M KCI solution was passed 

through the same filter membrane and pH adjusted with KOH, the 

streaming potential decreased drastically from -500 mV (in the 

case of DI water) to about 16 mV in KCl solution (at 5 psi 

differential pressure). These results are displayed in 

Figure 40. This drastic decrease in the streaming potential 

could be attributed to the compression of the double layer due 

to the increase in the ionic strength of the solution. The 

figures (39 and 40) also demonstrate that the streaming 

potential vs. differential pressure line does not pass through 



112 

NYLUX (0.1 um) IN 01 WATER 
0.0 

o Nl:Jlux 

-0.1 0 

r'\ -0.2 0 
-oJ 

0 
0 

> 

> -0.3 0 

0 
-oJ 0 
QJ 

'" o -0.4 

O~ 
-0.5 

CIO 

~ -0.6 
0 2 3 4 5 6 

Del to P (Ps i) 

Figure 39. Effect of differential pressure on the streaming 
potential of Nylux membrane in DI water. 



113 

NYLUX (0.1 um) IN KCI SOLUTION 
0 

o 0.001 M KCI 

0 pH 4.08 
-4 

0 

0 

,,",, ~ > -8 E 0 

> 0 

0 0 
-+oJ 0 
OJ -12 

0 0 

0 

-16 
Oo~C 

'("go 

-20L-----~------~------~----~-------L----~ 
o 2 J 4 5 6 

De 1 to P (Ps i ) 

Figure 40. The variation of streaming potential of Nylux 
membrane as a function of differential pressure 
in KCl solution. 



114 

the origin. This is possibly due to the asymmetry potential 

of the Ag/AgCI electrodes used for measuring the streaming 

potential. The zeta potential of Nylux membrane at different 

pH values was calculated from streaming potential 

measurements, shown in Figure 41. The plot clearly indicates 

that the IEP of the Nylux membrane occurs at pH 5.5. Since 

most of the particulates and bacterial fragments are 

negatively charged in DI water, Nylux filter membranes may be 

efficiently used below pH 5.5. 

The results of zeta potential calculated from the 

streaming potential measurements carried out on the charge

modified N66 Posidyne and Zetapor membranes in 0.001 M Kel 

solution are displayed in Figure 42. The IEP of Posidyne and 

Zetapor occurred at pH values of 7.6 and 6.2 respectively. 

Since the IEP of Nylon is around 6.0, charge modification 

appears to be more effective in Posidyne than in Zetapor. 

However, the experimental results with Posidyne do not agree 

with the manufacturer's product information which claims the 

existence of positive charge in the pH range 3 to 10. 

4.2.3 Effects of Ionic contaminants in DI water 

An attempt was made to elucidate the effects of trace 

ionic contaminants in DI water on the streaming potential of 

N66 Posidyne. As can be seen from the data in Figure 43, in 

electronic grade water Posidyne is characterized by a 
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streaming potential of 610 mV at a pressure drop of 5 Psi. 

However, at a salt (KCl) concentration of 0.075 ppb, the 

streaming potential reduces to approximately 510 mV at the 

same pressure drop. Increasing the ionic impurity concentra

tion decreases the slope of the streaming potential versus 

pressure difference plot. The sensitivity of streaming 

potential to trace impurities is extremely interesting and 

might be useful in monitoring the quality of DI water. 

4 .3 Interact:ion Energy 

The data obtained from the experimental results were 

utilized to calculate the interaction energy between wafer 

surfaces and particulates and between particulate impurities. 

The calculation involved the computations of double layer and 

Van der Waals interaction energies followed by the summation 

of the two interaction energies to get the total energy of 

interaction as a function of interaction distance [59]. 

4.3.1 Geometry and Solution Conditions 

In the interaction energy calculations, sphere and flat 

plate geometries were considered and the conditions used were 

as follows: 

(A) Electrical nature of surfaces: 

Three different cases were considered: (1) Constant 

potential-Constant potential, (2) Constant charge-
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Constant charge, and (3) Constant potential-constant 

charge (mixed case). 

For the calculat.ion in the aqueous system, it was 

assumed that tea » 1 is satisfied. This implies that 

particles are large compared to the thickness of the 

double layer. For calculations in the non-aqueous system, 

the double layer thickness was considered to be larger 

than the particle size, i.e. tea« 1. Moreover, the 

counter ion size and specific adsorption effects were 

neglected so that the Guoy Chapman model of the double 

layer and the one-dimensional Poisson-Boltzmann equation 

in its linearized form for small potentials (Ze~/KT ~ 1) : 

(5) 

can be solved with appropriate boundary conditions [44]. 

It was also assumed that ion adsorption equilibrium 

is maintained as two charged particles approach each 

other and their double layers overlap. In this case two 

well defined situations can be recognized. If the 

surface charge results due to the adsorption of potential 

determining ions, the solution potential remains constant 

and the surface charge density adjusts accordingly. But 

if the surface charge is the result of ionization, the 

surface charge density remains constant and the surface 

potential adjusts accordingly. 



120 

(1) Constant potential-constant potential case: 

In this case, it was assumed that the 

electrical potential at the particle/solution and 

wafer/solution remahls constant during the overlap 

of the double layers [44]. These hold good mostly 

for oxide surfaces. 

The equation given below is the general rela

tion for the electrostatic double layer repulsion 

between two surfaces with surface potentials of 

less than 25-mV and for solution conditions where 

the double layer thickness is small compared to the 

particle size [43]. 

Vi-y, _ 
R 

(6) 

In the above equation, € is the dielectric constant 

of the medium, 1/101 and 1/102 are the surface potentials 

of two different particles, a 1 and a 2 are the radii 

of the particles, and Ho is the shortest distance of 

separation' between the spheres, as shown in Figure 

44. When the radius of one of the interacting 

spheres is made very large, the system represents 

the interaction between a flat plate and a sphere. 
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Figure 44. Schematic diagram of interaction between 
two dissimilar spherical particles. 
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(2) Constant charge-constant charge case 

In this case it was assumed that the adsorp

tion density of the species responsible for charge 

is not disturbed by the close approach of the 

particles. This is usually the case with the 

surfaces in which a charge develops due to the 

dissociation of functional groups on the surface of 

the solids. The following equation gives the 

potential energy of interaction between the 

electrical double layers in the constant charge 

case [44]. 

["01."ln [~::: ~~:::lll 
- (\&~, + \&~2) In [1 - exp (-2ICHo)] 

(7) 

(3) Mixed case: 

In this case, one surface is at constant 

charge (e.g. a polymer) and the other surface is at 

constant potential (e.g. oxide) during double layer 

interaction. The equation for the mixed case is 

given below [44]: 

€a,a2 [ (7T 1 )] ( ) 2\&0'\&02 "2 - tan- sin hlC Ho 
4 a, + a2 

(8 ) 
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(B) The potential energy of interaction due to London

Van der Waals attractive forces between two spherical 

particles of the same material is given by: 

(9) 

In this equation, A is the Hamaker constant of the 

materials, a 1 and a 2 art,', the radii of the respective 

particles, and Ho is the shortest distance between the 

surfaces of the two particles. It is well known that the 

Hamaker constant is a function of the material and the 

medium in which it is suspended. In cases where two 

different materials 1 and 2 are suspended in a medium 3, 

an effective Hamaker constant A132 has to be used for the 

calculation of London-Van der Waals energies. 

defined as follows: 

(10) 

Hamaker constants for single materials usually vary 

between about 10-20 J and 10-19 J. Materials considered in 

the energy computation are shown in Table 5. 



Table 5 

Hamaker Constant of Different Materials of Interest 
in Semiconductor Processing (from refs. 60 and 61) 

Hamaker Constant 
Material x 1020 Joules 

Silicon 25.6 
Silica 50.0 
PTFE, Resins 5 to 7 
Water 3.7 
Ethanol 4.2 

A132 _ (ADoS _ ADoS) (ADoS 
11 33· 22 

_ ADoS) 
33 
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(C) The total potential energy of interaction is given 

by the following equation: 

(11) 

In this equation, 

VT Total interaction energy 

VA Van der Waals attraction energy 

and 

VR = Electrostatic repulsive energy. 

Table 6 lists the conditions for the data contained in 

Figures 45 through 53. The interaction between the silicon 

wafer and a silica particle was considered to be a constant 

potential-constant potential type of interaction. The results 

are displayed in Figure 45. As evident from the figure, at 

pH 5 the electrostatic repulsion energy dominates and at pH 
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Table 6 

Total Interaction Energy vs. Distance of Closest Approach 

Figure # Case Interaction Medium 

45 constant silicon wafer and aqueous 
potential silica as a function 

of distance of 
separation 

46 constant silicon wafer and aqueous 
potential silica as a function 

of particle diameter 

47 constant silicon wafer and aqueous 
charge silica as a function 

of distance of 
separation 

48 mixed case silicon wafer and aqueous 
silica as a function 
of distance of 
separation 

49 all three silicon wafer and aqueous 
cases silica as a function 

of distance of 
separation 

50 all three silicon wafer and aqueous 
cases photoresist as a 

function of distance 
of separation 

51 constant silicon wafer and aqueous 
potential silica as a function 

of distance of 
separation 

52 effect of silicon wafer and aqueous 
concentration silica particles 
of 
electrolyte 

53 effect of silicon wafer and non-aqueous 
medium silica in IPA 
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Silicon wafer - silica (Constant potential) 
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Figure 45. Total potential energy of interaction between 
a silicon wafer and a silica particle as a 
function of distance of separation (constant 
potential case). 
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3.5, the Van der Waals attraction energy has a more pronounced 

effect. A potential energy barrier may be seen to exist at 

the pH value of 5. ~f the height of the potential energy 

barrier is large compared with the therlilal energy, kT, of the 

particles, the system should be stable; i.e. no coagulation 

should occur. At pH 5, the total energy of interaction at a 

distance of 30 AO is approximately 500 kT. So, the 

probability of deposition of the silica particles onto the 

surface of wafers is less compared to the conditions at pH 

3.5. The figure also shows that -the energy barrier is a 

function of the particle size. The larger the particle size, 

the higher is the total interaction energy. After a certain 

distance of separation about 30 AO), the total interaction 

energy decreases exponentially with the increase in the 

distance of approach. On the other hand, at lower solution pH 

(3 . 5), the total interaction energy as a function of the 

distance of approach increases exponentially from a higher 

negative value to a lower negative value. 

The effects of particle size ratio on the interaction 

energy under constant potential is shown in Figure 46. The 

figure clearly demonstrates that an increase in the ratio of 

the size __ of the particles increases the total interaction 

energy. However, the magnitude and sign of the interaction 

energy depends on solution conditions. Even though the signs 

of the interaction energies at pH 5 and at pH 3.5 are 



128 

Silicon silica 
20,---------------------------------------~ 

o 
x 10 

* ... * .. *. 
/6···6·6 .*. 

··6.·· 
.~ 
..... :~ •. 

Constant potential 

~ .* 
: '-'::.~ .... ! .... :: ....... .. * ............... : .............. :, ..... "" .. 

O~~--------------------------~==~--==="* 

:n 
OJ 
L 

OJ - ! 0 
c 
OJ 

C 

o -20 
-' 
u 
o 
L 

2 -30 
c 

.3 -40 
o 
f-

____ • ____ • ____ ._._._ ---"-J 

pH 5.0 

Silica (-)0.118 volt 
Silico~ (-)0;059 volt 

a2/al = infini t\:j 

* pH 5.0 

o pH 3.5 

5 

pH 3.5 

(-)0.0295 volt 
0.0295 volt 

6 pH 5.0 

C pH 3.5 

-50L--------L--------L-------~------~------~250 
o 50 1 00 1 50 200 

Distance Rngstrom 
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opposite to each other, the influence of particle size ratio 

is not significant. At a ratio of a 2/a, of infinity, the 

magnitude of the total interaction energy (150 KT) is only 15% 

different from the total interaction energy (130 KT) at a 

ratio of 5. 

The interaction energy between a silicon wafer and silica 

particles maintained at constant charge is displayed in 

Figure 47. The figure clearly demonstrates the effects of 

solution pH and particle diameter on the total interaction 

energy. In this case also, the electrostatic repulsive energy 

dominates at pH 5. 

The total interaction energy vs. distance of approach in 

the mixed case is shown in Figure 48. In this case, silicon 

surface is maintained at constant potential and silica 

particles are under constant charge. A comparison of results 

obtained for the three different cases is displayed in Figure 

49. The figure demonstrates that for all distances of 

separation, the energy of interaction for the mixed case lies 

between those for constant potential and constant charge. The 

figure also shows that the differences between the three 

values seem to be larger at smaller distances of separation 

and negligible at larger distances of separation. For 

example, at pH 5, the magnitude of total interaction energy in 

the constant potential case at a distance of separation 30 AO 

is 100 kT, whereas in the cases of constant charge and 
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Figure 47. Total potential energy of interaction between 
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mixed cases, the total interaction energies are 500 kT and 

300 kT respectively. This discrepancy is due to the 

assumptions made in the development of expressions for the 

three different cases. 

An interaction energy vs. distance of separation plot of 

exposed photoresists at pH 3.5 is drawn for all the three 

cases, and is shown in Figure 50. The isoelectric point of 

both silicon and exposed photoresists are at pH 4. Since the 

IEP of both the particles are the same, the surface charge and 

surface potentials have the same magnitude and sign. The 

figure shows that the repulsion energy dominates in the 

constant charge case. However, in the constant potential and 

mixed cases, a distinct energy barrier is observed. Moreover, 

the profile of mixed case lies between the profiles of 

constant potential and constant c:harge. 

The effects of variable charge on the interaction energy 

is shown in Figure 51. In this case, silica particles are 

maintained at constant potential and the charge on the silicon 

wafer is varied. The plot demonstrates that an increase in 

the charge on the wafer surfaces increases the total energy of 

interaction. This holds good for both higher and lower pH of 

the solution. 

DI water is one of the most important process liquids 

used in semiconductor processing. Hence it was decided that 

the total energy of interaction of particulates present in Dr 
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water be calculated. It was assumed that in this case ~a « 1 

was satisfied due to the very low ionic strength of 01 water. 

The equation used for computing the potential energy of 

interactions between two spheres is shown below [59]: 

v - € ale -/Co [_H_o--;;+_2_a) 
R 0 Ho 

In this equation: 

and 

€ = dielectric constant of the medium 

~o surface potential on the particle 

Ho closest distance of approach 

a = particle diameter 

(12) 

The adj oining figure (52) shows the effect of electrolyte 

concentration on the total interaction energy in a silicon-

silica system. It is evident from the figure that 

electrostatic repulsive energy dominates with the decrease in 

the electrolyte concentration. Theoretical calculations at an 

extremely low ionic strength showed that, at a concentration 

below 1 ppb, the change in the total interaction energy is 

negligible. This agrees well with the reported literature on 

the influence of electrolyte concentration on the total 

interaction energy [59]. 

As mentioned earlier, non-aqueous liquids are widely used 

in semiconductor processing. Hence it was decided to investi-

gate the interaction energy between a silicon wafer and 
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silicon particles in isopropyl alcohol. The equation used in 

computing the total energy of interactions between two spheres 

is shown below [59]: 

2 
€a..p2 -I<Ho VR - e 

Ho + 2a 
(13) 

In this case, the double layer thickness was considered very 

large (approximately 1000-2000 AO) compared to the aqueous 

systems. Moreover, it was also assumed that ~a « 1 so that 

the equation 13 could be transformed to the following: 

€a
2

..p2 
VR -

Ho + 2a 
(14) 

The results of the total interaction energy as a function of 

the closest distance of approach is displayed in Figure 53. 

since the double layer thickness in the case of isopropyl 

alcohol was taken as 800 AO, the closest distances of approach 

was extended to 8000 AO. It is evident from the figure that 

the plot decays exponentially with the increase in the 

distance of the closest approach. 

4.3.2 statistical Analysis of Particulate Adhesion 
onto Wafer Surfaces 

The results of particle deposit.ion experiments conducted 

to confirm the importance of electrostatic interactions 

between a silicon wafer and alumina impurity particles are 

shown in Table 7. It is evident from the table that, at pH 

5.4, the number of particulates deposited onto the wafer 
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Table 7 

Effect of pH on the Particulate (1 micron) Deposition 
onto the water Surface 

pH Initial Final Difference Average 

1329 2971 1642 
1245 2375 1130 

9.5 1509 1717 208 919 
2392 3307 915 

359 1099 740 
1840 2724 884 

3094 3680 586 
1486 2247 761 
1305 2595 1290 

5.4 977 1821 844 1288 
316 853 537 
668 3251 2583 
517 2957 2440 
960 2223 1263 
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surface was higher than the number of particulates deposited 

at pH 9.5. Alumina is characterized by an IEP of 8.3 e.g. at 

pH 9.5 both silica and alumina are negatively charged. This 

resulted in the electrostatic repulsion between alumina and 

silicon wafers. On the contrary, at pH 5.4, the number of 

particulates deposited onto the wafer surface increased. This 

could be attributed to the negative charge on the silicon 

surface and positive charge on the alumina particles. 
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The results were analyzed using a two-tailed t statistics 

method. Assuming unequal population variances, the hypothesis 

tested was, 

H1 : J.1.1" J.1.2 

where J.1.1 and J.1.2 are mean particulate counts at the two 

different pH values. The test statistics "to" was defined as 

follows: 

where 51 and 52 are sample variances, y = sample mean and 

n = num~er of samples. The number of degrees of freedom, v, 

was calculated from the following equation: 

v - - 2 

(5~/n1t + (5~/n2t 
n1 + 1 n 2 + 1 

From the data in Table 7, the degrees of freedom and to were 

calculated to be 13 and 1.07 respectively. 

From the statistical table, 

t o.18,13 - 1. 072 
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so that the prob~bility Itt> 1.072 equals 0.18. Hence the 

result is only significant at the 36% level. 

Large base line particulate counts (see table) on the 

so-called "super clp.an wafers" used in these studies were 

perhaps responsible for the significance of the effects of pH 

on contamination. 
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CHAPTER 5 

CONCLUSIONS 

Based on the results of the experimental investigations 

and theoretical calculations reported in this work, the 

following conclusions can be made regarding the importance of 

the electrokinetic characteristics of interfaces of interest 

in the semiconductor wet processing. 

(1) Organic and inorganic particulate impurities are 

charged in process liquids. The magnitude and sign 

of which is characteristic of the impurity 

particle-liquid combination. 

(2) Electrophoretic measurements carried out on exposed 

and UV-exposed positive photoresist particles have 

indicated that these particles develop a surface 

charge in aqueous solutions. The zeta potential of 

these particles is a function of pH and the oxida

tion potential of the aqueous system. The 

UV-exposed particles are characterized by a 

slightly lower IEP than the unexposed resist 

particles. 

(3) Fluoride ions adsorb strongly onto oxide as well as 

polymer particles. 
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(4) The water in organic chemicals plays a significant 

role in the zeta potential of particulate impuri-

ties. This indicates that control the amount of 

water present in the organic media would have some 

effect on the condition of the wafer surface and 

the drying methods. 

(5) The electrokinetic properties of silicon immersed 

in aqueous solutions can be measured using a flat 

plate streaming potential technique. 

(6) Charge modification of Nylon 66 membranes by the 

incorporation of quaternary ammonium groups shifts 

the isoelectric point to pH values higher than 6. 

(7) stream potential techniques appear to have some 

promise as an on-line analytical method to monitor 

the quality of Dr water. 

(8) Particulate deposition onto substrates can be 

understood and predicted using the DLV theory of 

colloid stability. 
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