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ABSTRACT 

ATR (Attenuated Total Reflection) FT-IR (Fourier Transform-Infrared Radiation) 

technique was applied for the study of (1) adsorption of albumin onto a polyurethane film 

deposited on a bare ZnSe IR crystal (internal reflection element) and onto a ZnSe 

surface, (2) ionic surfactant (phosphate ester) adsorption onto alumina and (3) PED 

(polyethylene oxide) based nonionic surfactant adsorption onto silicon. This techique was 

also applied to determine the spatial orientation of adsorbed surfactant molecules at 

solid/liquid interface. Dynamic contact angle and zeta potential measurements were 

made in these systems to elucidate adsorption phenonmena. 

Albumin adsorption was found to be dependent on the solution pH and substrate 

type. The adsorption density was higher at pH=7 than that at pH=3 or 11, and the 

conformations of a-helix and ,8-sheet of albumin in the adsorbed layer were identified 

from amide III band. Adsorption density was higher on the more hydrophobic 

polyurethane surface than on the relatively less hydrophobic ZnSe crystal surface. 

The adsorption isotherm of alkyl phosphate surfactant onto alumina was 

characterized by three regions with a maximum adsorption density of 0.63 p,g/crrr 

corresponding to 1.2 adsorption density. Using polarized IR beams, tilting angles of 

alkyl chains adsorbed onto alumina surface were calculated to be 42.5° and 40.7° for 50 

and 100 ppm solutions. As the solution concentration of alkyl phosphate surfactant 

increased, the pH value at which zeta potential reversed decreased due to the specific 
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adsorption of surfactant at alumina/aqueous solution interface. 

Adsorption of PEO based nonionic surfactants from alkaline solutions onto silicon 

was affected by types and lengths of hydrophobic groups and lengths of hydrophilic PEO 

chains. For the same alkyl chain length, increasing the length of ethylene oxide chain 

(higher HLB number) resulted in a decrease in adsorption density as well as residual 

surfactant after washing. Complete wetting of hydrophobic silicon was found in the 

immersing/emersing cycling in the surfactant containing solutions at concentrations in the 

range of 50 to 100 ppm. Ozonized DI water was very effective in removal of adsorbed 

surfactant on silicon, but it induced oxide layer growth. 
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Over the past decade, segmented poly(ether)urethanes composed of soft and hard 

segments have been widely used for a variety of blood contacting implant applications. 

With increased implant experience with polyurethanes, it is apparent that interactions 

exist between physiological fluid and polyurethane surface which may influence the 

biocompatibility and long term use of polyurethane implant. Many studies have revealed 

that polyurethanes undergo adverse interfacial reactions such as protein adsorption, 

platelet adhesion and calcification with loss of mechanical properties. It is known that 

the adsorption of protein is the first event that occurs in a few seconds when implants 

contact physiological fluids. This phenomenon is responsible for the initiation and 

propagation of the plasma coagulation system. 

In this research, an ATR FT-IR (Attenuated Total Reflection Fourier Transfonn

Infrared Radiation) technique using evanescent IR wave properties was applied for the 

quantitative analysis of the adsorption of albumin onto uncoated and polyurethane coated 

ZnSe IR crystal surfaces as a function of pH and concentration of albumin. Many 

experimental results on protein adsorption using ATR FT -IR have reported adsorption 

values only in the IR spectral intensity units because of a lack of a method to convert 

ATR spectral absorbance to adsorption density, especially a method to separate solution 
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and adsorption layer contributions from total ATR FT-IR spectral absorbance. In this 

work, a method using a step type concentration profile at solid-liquid interface! has been 

developed to extend the traditional ATR FT-IR method to polymer coated system and to 

quantitatively measure the adsorption of albumin onto the polymer surface with related 

optical equations. 2.3 

ATR FT-IR quantitative analysis technique was also applied to characterize the 

adsorption of an anionic phosphate ester surfactant onto a hydrophilic alumina surface 

and the adsorption of PEO (polyethylene oxide) based nonionic surfactants having 

different chain lengths and types of hydrophobic groups and hydrophilic groups onto a 

a hydrophobic silicon surface. The adsorption of surfactants onto alumina is important 

in a number of technological fields such as froth flotation processing of mineral oxides 

and preparation of stable ceramic dispersions. Wet procesing of silicon is often done in 

aqueous solutions containing surfactant. While the use of surfactants around their critical 

micelle concentration (CMC) in BOE solutions and alkali cleaning solutions has been 

widely suggested for wettability control of silicon surface, fundamental investigations 

aimed at relating the extent of surfactant adsorption to wettability and etch rate have not 

received much attention, and little is known about the impact of surfactant structure on 

adsorption characteristics and ease of removal of adsorbed surfactant. 

Using polarized IR beams, the spatial chain orientation angles of the adsorbed 

surfactant molecules at the solid/liquid interface of alumina-anionic surfactant and silicon

nonionic surfactant systems were obtained by measuring linear dichroism, and adsorption 
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profile was investigated. To investigate the removal of adsorbed noionic surfactant on 

silicon, ozonized water, hydrogen peroxide and piranha were used, and the surfaces were 

analyzed using ESCA to elucidate the absence of residual surfactant after different 

cleaning processes. Dynamic contact angle and zeta potential measurements were also 

carried out to investigate the adsorption behavior in the three different systems. 

Correlations between adsorption and wettability were also evaluated. 
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CHAPTER 2 

BACKGROUND 

2.1 ATR FT-IR Spectrophotometry 

2.1.1 Principle of Ff-IR 

Infrared (lR) spectrophotometer is widely used for the characterization of organic 

substances. The IR region of the spectrum encompasses radiation at wavelengths ranging 

from 0.78 to 1000 J1.m (12,800 to 10 cm-l in wavenumber). The majority of analytical 

applications are confmed to a portion of the middle region from 4000 to 400 cm·l . 

Molecules will absorb infrared radiation, proportional to their concentration in a 

substance, when undergoing a net change in dipole moment (charge difference X distance 

between two charges) as a consequence of bending or stretching vibrational bond motion. 

A frequency of the IR radiation matching with a frequency of a natural bond motion 

results in absorption of radiation. The approximate frequency of natural bond motion 

corresponding to the absorption peak in wavenumber, (] (cm- l ) can be estimated from a 

simple harmonic motion as a following equation,4 but the wavenumber of the absorption 

peak may be influenced (or coupled) by other bond motions in the same molecules. 

CJ __ 1_ ~ k _ 5.3 X 10-12 ~ k 
21tC II II 

(1) 
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where k is the force constant for bond, generally in the range between 3xHP and 8xlOS 

dynes/cm for most single bonds, C is the velocity of light in cm/sec and jJ, is the reduced 

mass, m l m2/(m l +m2), where ml and m2 are the masses of the two atoms. 

The foundations of modern FT -IR (Fourier Transform - Infrared) 

spectrophotometer were laid down in the latter part of the 19th century. The renowned 

physicist A. A. Michelson constructed an interferometer in 1891, and as early as 1892 

Rayleigh recognized that the interferogram can be related to the IR spectrum by a 

mathematical operation known as a Fourier Transformation. This technique was little 

used for more than five decades while awaiting the development of computers that could 

perform the transformation rapidly and economically. 5 

Essentially, Michelson's interferometer as shown in Fig. 2.1 consists of two 

mirrors (one fixed and one movable) and a beam splitter. A beam from a IR source (a 

heated element or glower) is directed towards a beam splitter (a thin film of Ge 

supported on a potassium bromide substrate), which transmits half of the radiation and 

reflects the other half, thus creating two separate optical paths. The resulting twin beams 

are then reflected from mirrors. In one path, the beam is reflected by a fixed-position 

mirror back to the splitter where it is partially reflected to the source and partially 

transmitted and focused onto the detector. In another path, the beam from the movable 

mirror is also returned to the beam splitter where it is partially transmitted back to the 

source and partially reflected to the detector (Le., liquid nitrogen ~ooled mercury 

cadmium telluride photoconductive detector). When the two mirrors are equidistant 
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(position 0 in Fig. 2.1) from the splitter or the movable mirror is positioned at the 

distance of nX(± 112 A), the two parts of the recombined beam will be totally in phase 

(constructive interference) and the power will be a maximum. If the movable mirror is 

moved and the optical pathlengths become unequal, the difference in path lengths for the 

two beams, 2(M-F), is termed the retardation (D). A plot of the output power from the 

detector versus 0 is called an interferogram; for monochromatic radiation, the 

interferogram takes the form of a cosine curve such as that shown in the lower left in 

Fig. 2.1. The resulting interferogram can be described as an infinitely long cosine wave 

defined by the following equation: 

P(o) .. pea) cos(2'ltoa) (2) 

In the above equation, P(D) is the intensity of the detector signal as a function of optical 

retardation, Pea) is the intensity or brightness of the source as a function of wavenumber, 

(1. When the source emits more than one frequency, it is possible to treat each frequency 

as if it resulted in a separate cosine train and then to add the cosine waves to obtain the 

form of the resultant interferogram. The interferogram shown in Fig. 2.2 (b) can be 

represented as a sum of two individual cosine (Fig. 2.2 (a» terms. That is, 

(3) 
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Fig. 2.2, Comparisons of interferograms and optical spectra of (a) a single frequency 
source, (b) a two-frequency source and (c) a mUltiple frequency source. 
[from Ref. 4] 
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For a continuous source, such as in Fig. 2.2 (c), the interferogram can be represented 

as a sum of an infinite number of cosine terms as follows: 

P(o) "" fo""P(a) eos(21too) d(o) (4) 

The spectroscopist, however, is generally more interested in the spectrum (intensity 

versus wavenumber) of the radiation which produced an interferogram. If we know the 

mathematical form of the interferogram, P(D) , as a function of 15, it is possible to 

calculate the corresponding spectrum using a mathematical technique known as Fourier 

Transformation. The expression for the spectrum is 

P(o) - L:"'p(o) cos(21too) do (5) 

The two equations (4) and (5) are known as a Fourier pair. Since the interferogram and 

the corresponding spectrum are related to each other by the Fourier transformation, this 

technique of obtaining an IR spectrum from an interferogram is known as Fourier 

Transform - Infrared Spectrophotometer, abbreviated FT -IR. 

There is a practical limit to how far the movable mirror can be displaced, and the 

optical retardation that corresponds to this maximum displacement, represented by the 

symbol A (A = Omax) , determines the resolution of the interferometer, A(J. It can be 

expressed as follows: 

A 1 -1 
uO - 0 1 - CJ2 - - em 

A 
(6) 



28 

where 0"1 and 0"2 are wavenumbers for a pair of barely resolvable IR lines. From Eq. (6), 

it can be estimated that 5 cm (one half the retardation) of mirror motion is required for 

0.1 cm-I resolution. 

Since the FT -IR spectrophotometer does not employ narrow slits, its energy 

throughout is about 200 times greater than that of dispersive IR spectrophotometer. In 

a dispersive IR spectrophotometer, slits provide a collimated beam and control spectral 

resolution, and as the slit becomes smaller, the amount of energy reaching detector is less 

than 1 % of emitted beam. FT-IR spectrophotometer allows high resolution ( < 0.1 em-I), 

rapid multiple scanning, coaddition of spectra and a consequent increase in signal-to

noise ratio. Although a dispersive IR spectrophotometry may have sufficient resolution 

for the present application, it would be slower in operation. 

2.1.2. ATR Ff-IR 

Over the last two decades, a new group of sampling methods such as attenuated 

total reflection and diffuse reflection has been developed in order to take advantage of 

the capabilities of FT-IR spectrophotometer.6 In the ATR (Attenuated Total Reflection) 

FT -IR experiment system, the incidence IR beam is internally reflected at the face of the 

IRE (Internal Reflection Element) along the length of the IRE (Fig. 2.3 (a». This occurs 

when the incidence angle within t1}e IRE is larger than the critical angle Be given by 

sin-In21 (n21 =n2/nl where nl and n2 are indices of refraction of IRE and sample, 

respectively), and the index of refraction of IRE is larger than that of other medium (Le., 
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Fig. 2.3, (a) Internal reflections in IRE crystal, and (b) decay of evanescent wave. 
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sample). At each reflection point, an oscillating electric field (evanescent wave) 

penetrates beyond the IRE phase into the second phase (sample). A property of the 

evanescent wave which makes ATR a powerful technique is that the wave decays 

exponentially with distance from the IRE surface as shown in Fig. 2.3 (b) and interacts 

with all species in the sample (i.e, solution) phase near the IRE/sample interface to 

produce the absorption spectrum. By subtracting the background spectrum, the 

absorbance spectra due to the adsorbed layer can be obtained. 

The depth of penetration, ~, and effective depth, dc, of evanescent wave into the 

second phase (sample) from the interface between phases 1 and 2 have been defined by 

Harrick. 7 The effective depth is equivalent to a thickness of material which would give 

the same absorbance in ATR as in a transmission spectrum at a nonnal incidence. The 

depth of penetration is defined as the distance from the A TR element surface where the 

electric field amplitude of the evanescent wave decays to lIeth of its value at the interface 

(approximately 37%). It can be calculated by the following equation; 

Al 
d - --------

P 21t [sin2e _ (~y]IJ2 
(7) 

In the Eq. (7), Al is the wavelength in the denser medium (=A/nI) and () is the incidence 

angle. 

The factors which affect the results obtained in the ATR FT -IR experiment are 

(1) wavelength of the IR radiation, (2) refractive index of the ATR crystal (IRE) and (3) 

angle of incidence. 8 As the wavelength of the infrared radiation increases, the depth of 
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penetration increases as can be seen in the equation for~. This leads to the relative 

band intensities in the A TR spectrum to decrease with decreasing wavelength (increasing 

wavenumber) when compared to a transmission spectrum of the same sample. The 

refractive index also affects the depth of penetration. By increasing the refractive index 

of the ATR crystal, the depth of penetration will decrease. If the angle of incidence is 

increased, the depth of penetration will be decreased. Fig. 2.4 shows a comparison 

between the effective thickness (depth) and depth of penetration in terms of incidence 

angle for an interface characterized by n2l =0.423 (or Oc=25°). For smaller angles of 

incidence, the effective depth is larger than the depth of penetration. For larger angles, 

however, the effective depth is smaller than the depth of penetration. 
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Fig. 2.4, Relative penetration depth and effective depth of the evanescent wave versus 
the angle of incidence for an interface whose refractive index ratio is 
n21 =0.423. (de.~ and de . .l are parallel and perpendicular components of 
effective depth respectively, and de = (del +dC.l)/2 which will be discussed 
in Theory section.) [from Ref. 7] 
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2.2.1 Biomedical Polyurethanes 

2.2.1.1 Segmented Polyurethanes 
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Segmented polyurethane (SPU) elastomers, originally developed for elastic thread 

under the tradename of Lycra® spandex,9 have found widespread use as a biomaterial,IO 

especially in the fabrication of blood contacting devicesll
•
12 such as artificial heart 

chambers, catheters, blood bags and as coatings on pacemaker leads due to their excellent 

mechanical properties and relatively good blood compatibility. In 1967, segmented 

poly(ether)urethane was first evaluated for application as a biomedical material by 

Boretos et al. 13
•
14

• 

There are two types of SPU, segmented poly(ether)urethane (PEU) and 

poly(ether)urethane urea (PEUU). They are made from three chemicals; (1) a 

diisocyanate, (2) a high-molecular weight macro glycol and (3) a low molecular weight 

chain extender, and are composed of two alternating incompatible blocks or segments 

in the form of (AB)nI5
•
16 as shown in Fig. 2.5. 17 Thus, they exhibit a two-phase 

microstructure. It has been widely accepted that many of the excellent properties of 

these polymers, such as their enhanced rubbery properties and high strength, are 

primarily due to this two-phase microstructure. An approximate degree of phase 

separation in the segmented polymers can be estimated from heat of mixing (~ 

derived from the Hildebrand equation. IS 

One segment of polymer chain consists of a relatively long and flexible "soft 



Fig. 2.5, 

VIRTUALLY CROSSLINKED I EXTENDED NETWORK of 
POLYMER PRIMARY CHAINS 

f , A or SOLVENT 

POLYMER PRIMARY CHAINS 

I 
\1\ 11 

1 

34 

SOFT 

=-t 

~ 
I .. ". c"".,,, .. 

,." .. ,... 

B 

Schematic of chain organization of the hard and soft segments of 
segmented polyurethane elastomers (upper), and structure at 200% 
elongation (A) and structure annealed at 500% elongation (B) (lower). 
[from Ref. 17] 
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segment" which has a glass transition temperature T g lower than room temperature. The 

other segment is a rather stiff "hard segment" due to its high Tg and is dispersed in the 

amorphous soft segment matrix. The flexible soft segments greatly contribute to the 

elastic recovery properties, extend ability, initial modulus and lower service temperature 

of the SPU. polymer, whereas the hard segments provide sites for intermolecular 

secondary bonding and contribute to mechanical properties and solubility characteristics. 

SPU polymers possess both high strength (5000 - 7000 psi) at high elongation (350 -

600 %) and exhibit superior elastomeric behaviors. 

Polyol soft segments used for the synthesis of polyurethane elastomers are 

hydroxyl-terminated high molecular weight (500 - 5000) polyester, polyether and 

polydimethyl-siloxane as shown in Fig. 2.6 (a). The polyether based polyurethanes 

exhibit a relatively high resistance to hydrolytic cleavage. 19 Chain extenders used 

commercially include butanediol and ethylene diamine. The structures of these 

molecules are shown in Fig. 2.6 (b). In general the employment of a diamine results 

in polymers with better physical properties than when comparable diols are llsed, owing 

to the introduction of urea linkage which enhances hydrogen bond interaction and 

provides maintenance of properties to a higher temperature. However, the polyurethane 

ureas are more difficult to dissolve in common solvents and to melt process than 

conventional polyurethanes. The two most widely used aromatic diisocyanates are 2,4-

toluene diisocyanate (TDI) and 4,4' -diphenylmethane diisocyanate (MOl). The 

chemical structures of commonly used diisocyanates are shown in Fig. 2.6 (c). 
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Fig. 2.6, Chemical structures of (a) typical polyols for soft segments, (b) chain 
extenders and (c) isocyanates used for polyurethane synthesis. [from Ref. 
17] 
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2.2.1.2 Commercial Biomedical Segmented Poly(ether)urethanes 

Typically, segmented polyurethanes are prepared by a condensation reaction of 

essentially equivalent amounts of a glycol and a diisocyanate. The reaction proceeds 

in two sequential steps.20 In the first step, the diisocyanate is pre-reacted with a high 

molecular weight polyol to form a "prepolymer" of molecular weight 1 000 to 5000. 

In the second step, the chain extender is added to the prepolymer, resulting in a 

rubbery, thermoplastic polyurethane elastomer as shown in Fig. 2.7. 

Currently, several types of polyurethanes are used for biomedical applications: 

Biomer®, Pellethane®, Tecoflex® and Cardiothane® are PEU or PEUU developed by E.!. 

du Pont de Nemours and Co., Up-John Co., Thermo Electron Corp., and Avco-Everett 

Research Lab., respectively. 

Biomer® is a segmented, aromatic polyetherurethane urea based on MDI, PTMO 

and ethylene diamine (chain extender) as shown in Fig. 2.8 (Upper), and available as 

a 30 % solution in dimethylacetamide (DMA). Biomer® was first evaluated for a 

biomaterial as a tubing of left ventricular by-pass pumper.21 Biomer® cannot be 

processed by thermal methods such as melt-extrusion or injecting-molding due to the 

degradation of urea group which gives rise to a high softening point and decomposition 

at temperature close to the melting point. There are two forms of Biomer®.22 Solution

Grade Biomer® is the most common, and can be processed by dip-coating, solution

casting and spraying. A second form is Extruded-Grade Biomer® in which water was 

used as a chain extender, thus reducing the number of urea groups in the polymer. 23 
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Fig. 2.7, Two-step synthesis of segmented polyurethane. 
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Fig_ 2.8, Molecular structures of Biomer" (upper) and Pellethane" (lower). [from Ref. 17] 
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In the 1970s, a series of thermoplastic, segmented elastomers were developed 

and sold under the name of Pellethane® 2363. Pellethane® is based on MDI, PTMO 

and 1,4 butane diol as chain extender as shown in Fig. 2.8, and offers several 

advantages over the Solution-Grade Biomer®. Typical physical properties of 

Pellethane® 2363 products are listed in Table 2.1.24 The differences in hardness are 

achieved by varying the ratio of the hard to soft segment. Pellethane® can be fabricated 

by injection molding, compression molding or solvent casting and is supplied in a 

granular form. Pellethane® exhibited surface fissuring or cracking when used as a 

coating on cardiac pacemaker leads (nearly 1,200 have been returned from almost 

185,000 leads within a period of 6 years implantation). 25 Two closely related 

mechanisms of stress cracking and auto-oxidation have been proposed. 26;1.7 The 

combination of residual stress from extrusion and environmentally induced stresses from 

bending and vein ligation sites may promote in vivo metal ion catalyzed oxidation of 

polyether chain. It was shown that by observation of FT -IR spectrum, especially 

reduction in CH2 peaks and ether peak and appearance of new carbonyl peak, the most 

susceptible group is the -CH2 group in the a. position to the ether oxygen which 

undergoes oxidation and eventually chain cleavage. 28,29 
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Table 2.1, Typical Physical Properties of Pellethane® 2363 Series. 

I Properties I 55D I 65D I 85A I 90A I 
Hardness, shore 55D 62D 83A 90A 

Specific gravity 1.15 1.17 1.13 1.14 

Tensile strength, psi 6500 6270 6000 6750 

Elongation at break, % 390 450 550 460 

Tensile modulus, psi 
at 100% 2500 2840 770 1540 
at 300% 4930 4550 1660 3400 
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2.2.2 Protein Adsorption 

The adsorption of proteins plays an important role in the interaction between 

blood and foreign materials. Protein adsorption onto biomaterials is a well known 

phenomenon, and is believed to be the initial event occurring when blood comes in 

contact with an implanted biomaterial. 30 This adsorbed layer modifies the original 

surface and has an important influence on subsequent phenomena such as platelet 

adhesion and blood coagulation. In the cardiovascular system, the adsorbed proteins 

induce fibrin clots at an interface by intrinsic clotting system. As a result, platelet 

thrombus formation and coagulation are strongly influenced by adsorption of proteins 

to interface. Among the proteins, serum albumin is the most abundant protein (45 gil) 

in blood. A model for a sequence of 581 amino acids in bovine serum albumin is 

shown in Fig. 2.9. In Fig. 2.9, the letters in circles represent the abbreviation for the 

name of individual amino acids (Le., ALA: alanine, GLY: glycine, etc.). Individual 

amino acids are connected by peptide bonds as shown in Fig. 2.1 O. Protein molecular 

chain can form two types of secondary structure such as (a) pleated p-sheet and (b) 0.

helix structures through intermolecular hydrogen bonding as shown in Fig. 2.11. The 

molecular weight of bovine serum albumin (BSA) has been estimated to be 

approximately 66,210. Albumin is characterized by an isoelectric point of 4.7.31 

Because of the adverse interactions that occur between the surface of foreign 

materials and blood plasma, numerous investigations of protein adsorption on polymeric 

surfaces have been reported. Studies of the adhesion of platelets to polymer surfaces 



Fig. 2.9, 

43 

Amino acid sequence of bovine serum albumin, displayed in a model 
showing the proposed linking of cystines to form multiple double loops. 
[from Ref. 31] 
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Fig. 2.10, Peptide bond between two amino acids. 
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Fig. 2.11, Secondary structure of protein chain. (a) pleated p-sheet and (b) a-helix 
structures. 
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precoated with a variety of proteins have indicated that albuminated surfaces, in contrast 

to surfaces precoated with fibrinogen or y-globulin, prevent platelet adhesion and confer 

non-thrombogenicity to the base polymer. 32 In the study of adsorption using albumin 

and fibrinogen mixture solutions, it was found that albumin adsorbed initially, followed 

by fibrinogen adsorption and displacement of adsorbed albumin. This is referred to as 

the Vroman effect. 33,34 

It has been shown that within the first one minute after contact with blood, a 

proteinaceous layer of 125 A thick is formed on a Ge crystal. 35 Polyurethane 

Diaphragms in artificial devices implanted in goats for less than one week showed a 

proteinaceous layer of about 0.1 J.1m thick on its surface, and proposed a "multilayered 

proteinaceous passivation." 36 The existence of two types of protein adsorption layers -

tightly bound and loosely bound layers - was inferred from adsorption profiles.37 The 

amounts of protein adsorbed were influenced by the wettability of materials and type 

of protein. Protein adsorption is generally considered to be greater on hydrophobic 

surfaces than on hydrophilic surfaces.38 

For the analyses of the adsorption of proteins, ellipsometry,39 fluorescence, 40 

infrared41 and ultraviolet42 spectrophotometry and radiolabelling 43 techniques have 

been used.44 ATR FT -IR spectroscopy has been applied as a technique to study protein 

adsorption kinetics and conformational changes in adsorbed protein layers.45 Aqueous 

protein studies using infrared spectra are based on the analysis of vibrations of the 

protein polypeptide group (-N(H)-C(O)-, as shown in Fig. 2.10) in the backbone 
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labelled as amide I, amide II and amide III according to their IR adsorption regions. 

For the trans-amide group, the amide I band mainly arises from c=o stretching rather 

than from N-H bending, while amide II and III bands arise from the interaction between 

the symmetric stretching mode of the O=C-N group and the in-plane bending of the N

H group. It must be pointed out that the C-C and C-N stretching modes also occur in 

the amide III region. For the cis-amide group, the N-H in-plane bending vibration and 

the C-N stretching vibration lie in the vicinity of 1450 and 1350 em' I respectively 

which, incidentally, is the same region of CH2 and CH3 deformations.46 Amide I and 

III band features have been used to analyze the structural changes of adsorbed protein 

such as a-helix and ~-sheet secondary structures, and the amide II band has been used 

to evaluate the adsorption of proteins. 47 The strong OH bending band of liquid H20 

near 1640 em-I interferes with the amide I band, and D20 can be used to remove this 

interference.48 

Both static and flowing solutions have been used with surfaces of polymer 

coated49,So and uncoated germanIum internal reflection elements (ATR-IR 

crystals),S"S2 and adsorption results have been expressed in absorbance units based on 

amide II peak intensity. In Table 2.2, protein adsorption results reported in the 

literature are compared. It is worth mentioning that the amount of protein adsorption 

is influenced by the type of protein and substrate, and many investigations on protein 

adsorption using ATR FT-IR have reported values only in band intensity units because 

of the lack of a method to separate the bulk solution and interfacial contributions to the 
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total ATR spectral absorbance. Fibronectin adsorbed onto a polyurethane coated 

germanium IRE crystal was reported in units of /-Lg/cm2 by comparing adsorbed protein 

band areas of the amide II region with the band areas of samples prepared by drying 

solutions containing known amounts of protein. 53 

In this research, an ATR FT-IR method has been used for quantitative analysis 

of the adsorption of albumin onto uncoated and polyurethane coated ZnSe IRE surfaces 

as a function of pH and solution concentration. 
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Table 2.2, Protein Adsorption Measured by Various Experimental Techniques. 

Experimental Protein! Substrate Adsorption Ref. 
Technique Blood Density No. 

(Jlg/cm2
) 

ATR FT-IR Dog and Ge crystal No quantitative 
51,52 

Sheep Blood values provided 

" Human Plasma " " 
49 

" Albumin Ge crystal " 37,54 

(10 gIl) Polyurethane 

" Fibrinogen Polyurethane 0.2 - 0.5 
39 

(0.21 gil) 

UV spectro- Albumin Polyethylene 0.2-l.5 
43 

photometry (1-18 gil) 

Radiolabeling Albumin Polydimethyl Albumin:0.92 
44 

Globulin siloxane Globulin: 1.8 
Fibrinogen Fibrinogen: 1.7 
(0.35 gil) 

Polyurethane Albumin: 1.8 
Globulin: 3.8 

Fibrinogen: 10 

" Albumin Glass l.0-4.0 55 

(0.4 gIl) PMMA 0.5-3.0 
PTFE 0.6-2.5 

Fluorescence Globulin Silastic 0.25 56 

(0.4 gIl) rubber 

Ellipsometry Fibrinogen Chromium 0.5 
40 

(0.01 gil) 



2.3 Surfactant Adsorption 

2.3.1 Surfactants 

2.3.1.1 Classification of Surfactants 

49 

A surfactant or surface-active agent is a substance that has the ability to adsorb 

at interfaces at low concentrations and alter to a marked degree the interfacial free 

energy. Surfactant is used in all aspects of our daily life, either in houshold detergents 

and personal care products or in the production and processing of the engineering 

materials. Organic surface-active agents have an amphipathic molecular structure; that 

is, they have a hydrophobic or liphophilic group (nonpolar hydrocarbon chain) that has 

an affinity for oil, and a hydrophilic or lyophobic group (polar group) that has an 

affinity for the water. In a polar solvent such as a water, ionic or highly polar groups 

may act as hydrophilic groups, whereas in a nonpolar solvent such as heptane they may 

act as lyophobic groups. The polar group may be -OH, -COOH, -NR3 +, -S03' -OS03"' 

or -COOR. Surfactants are classified as an anionic, cationic, nonionic or zwitterionic 

surfactant according to the nature of the hydrophilic group as shown in Table 2.3. 

2.3.1.2 Properties of Surfactants 

It is often observed that the solubility of ionic surfactants will undergo a sharp, 

discontinuous increase at some characteristic temperature referred to as the "Krafft 

temperature," T K' The Krafft temperature can vary as a function of both the nature of 

the hydrophobic group and the character of the ionic interaction between the surfactant 
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and its counterion. That is, as the hydrocarbon chain length with the same ionic polar 

group is increased, T k is increased. 

Table 2.3, Surfactants based on the Nature of Hydrophilic Group. 

I Class I Characteristics I 
Anionic The surface active portion of the molecule bears a negative 

charge. 
* RCOO-Na+ (soap) 
* CH3(CH2)1tS04-Na+ (sodium dodecyl sulfate) 
* CH3(CH2)1tC6H4S03-Na+ (sodium dodecyl benzene sulfonate) 

Cationic The surface-active portion bears a positive charge. 
* CH3 (CH2) 1tNH3 +CI- (laurylamine hydrochloride) 
* CH3(CH2))sN+(CH3)/Br- (cetyl trimethylammonium bromide) 

Zwitterionic Both positive and negative charges may be present in the 
surface-active portion. 
* RN+H2CH2COO- (long-chain amino acid) 
* RN+(CH3)2CH2CH2S03- (sulfobetaine) 

Nonionic The surface-active portion bears no apparent ionic charge. 
* RCOOCH 2CHOHCH20H (monoglyceride of long-chain fatty 

acid) 
* RC6H4(OC2H4)xOH (poly-oxyethylenated alkylphenol) 

In the case of nonionic surfactants, this Krafft point is not exhibited because of 

the different solubilization mechanism. It is usually found that a number of properties 

of ethylene oxide based nonionic surfactants with the same hydrophobic group and 

varying polyethylene oxide (PEO) chain lengths will change in a regular and predictable 

manner: solubility in water increases regularly as the number of ethylene oxide (EO) 
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groups increase, and other technical characteristics such as detergency, wetting power, 

dispersing ability, etc. are also found to vary regularly with EO content. An interesting 

characteristic of the nonionic surfactants based on PED is that they exhibit an inverse 

temperature-solubility relationship. That is, as the solution temperature is increased, 

their solubility in water decreases. This phenomenon is attributed to a disruption of 

specific interaction (Le., hydrogen bonding) between the water and PEO units in the 

molecule. The temperature at which a PEO surfactant begins to precipitate from 

solution is defined as the "Cloud Point." In general, the cloud point of a given family 

of surfactants with the same hydrophobic group will increase with the number of EO 

groups. 

The degree of surface activity and type of application of surfactants depend on 

the net effect of polar and nonpolar (hydrophobic) groups. Griffin classified the 

polarity of nonionic surfactants in terms of hydrophile-lipophile balance (HLB) as an 

arbitrary scale. HLB numbers were readily determined from a simple equation using 

the weight percent of the hydrophilic moiety in the molecule, E as follows: 57 

HLB ... E/5 (8) 



52 

The least hydrophilic materials have a low HLB number, and increasing HLB numbers 

correspond to increasing hydrophilicity. These HLB numbers can be broadly used to 

indicate the suitability of a particular surfactant in a particular solution environment as 

shown in Table 2.4. 

Davies devised a method for calculating HLB numbers from molecular formulae 

usmg empirically derived group numbers. A group number is assigned to various 

component groups, -CH3, -CH2-, -CH-, etc., in lipophilic groups and -COONa, -COOH, 

-OH, -0-, etc., in hydrophilic groups, and the number is then calculated from the 

following relation: s8 

HLB ... 7 + E (hydrophilic group number) + E (lipophilic group number) CJ) 

Table 2.4, HLB Ranges and Applications 

I HLB Range I Application I 
<3 Surface film 

3 - 6 Water-in-oil emulsifier 

7-9 Wetting agent 

8 - 13 Oil-in-water emulsifier 

13 - 15 Detergents 

15 - 18 Solubilizer 
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In aqueous solutions, dilute concentrations of surfactant act much as normal 

electrolytes, but at higher concentrations a markedly different behavior may be seen. 

It has been shown that striking changes occur in the various physical properties of 

surfactant solutions such as conductivity, interfacial tension and turbidity, etc., at a 

certain surfactant concentration due to the formation of aggregates called micelles. S9 

In micelles, the lipophilic parts of the surfactants associate in the interior of the 

aggregate and leave hydrophilic parts to face the aqueous medium. The concentration 

at which micelle formation becomes significant is called the critical micelle 

concentration (CMC). Generally, all other things being equal, the CMC decreases as 

the chain length of the hydrocarbon chain increases, and for nonionic surfactants, 

increasing the polyoxyethylene chain length for a constant alkyl chain decreases the 

CMC. 
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2.3.2 Surfactant Adsorption 

2.3.2.1 Electrical Phenomena at SolidlLiquid Interface 

Particles immersed in the aqueous media have a tendency to develop surface 

charge via various mechanisms. The surface charge of oxides appears to affect 

properties of the oxide in the aqueous media. The relative sign and magnitude of 

surface charge on two or more kinds of particles may affect their mixing behavior in 

the aqueous media. The surface charge on materials in contact with an aqueous 

electrolyte is built up by dissociation of surface groups, adsorption of potential 

determining ions or preferential adsorption of ions. The former mechanism can apply 

if there are dissociable groups on the surface, for instance, carboxyl, sulfonic or amino 

groups. The preferential adsorption of ions could occur by the electrostatic or specific 

adsorption mechanism. 

Oxide particles develop a surface charge in the aqueous media through the 

hydration of broken metal-oxygen bonds and subsequent dissociation of the 

hydroxide.60 For alumina, charge transfer at the alumina-water interface is 

accomplished by the equilibrium of H+ and OH- with Al and 0 as displayed in Fig_ 

2.12. Thus, hydrogen and hydroxyl ions are potential determining ions (PDI), and thus 

alumina will be characterized by a negative, positive or zero charge depending on the 

pH of the system. The surface charge density 0'5 (C/cm2) on oxides can be expressed as: 

(J -s 
F -(r + - r -) A H OH 

(10) 
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Fig. 2.12, Schematic illustration of uncharged and charged alumina surfaces. [from 
Ref. 60] 
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where F is the Faraday constant, A is the specific surface area of oxide particles 

(cm2/g), and (rH+ - r OH-) is the net adsorption density of potential determining ions in 

mole/cm2
• The net adsorption density can be measured by an acid-base titration of a 

suspension of the oxide. One important parameter that describes the electrical double 

layer is the point of zero surface charge (PZC), which is the pH at which surface charge 

is zero. 

The distribution of electrical charges on a surface has been described by a 

number of models as shown in Fig. 2.13.61 Initially, Helmholtz proposed the 

distribution of counter ions in the solution surrounding a charged surface as being lined 

up parallel to the charged surface at a distance of about one molecular diameter (Fig. 

2.13 (a)). According to this model, the electrical potential should fall rapidly to zero 

within a very short distance from the charged surface. This model allowed treatment 

of the electrical double layer as a parallel plate condenser. However, this model was 

corrected because thermal agitation tended to diffuse some of the counterions through 

the solution. Accordingly it was superseded by one proposed by Gouy and Chapman 

as shown in Fig. 2.13 (b). 

According to the Stern model (Fig. 2.13 (c)) which is the modified Gouy and 

Chapman model, counter charges at a solid surface are formed as two different layers. 

The layer close to the surface is an immobile layer of strongly held counterions, while 

the other one is a diffuse layer due to thermal motion. This effect induces the 

formation of an electrical double layer consisting of a charged surface and excess 
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vicinity of charged surface (left) and variation of electrical potential with 
distance (right). [from Ref. 61] 
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neutralizing counterions, and creates an interfacial potential. The zeta potential is an 

experimentally derived value which closely approximates the interfacial potential very 

near a particle surface (Le., sheared plane close to the stern layer within the fluid is 

stationary). Important information about surface charge of materials can be determined 

by zeta potential measurement in solutions as a function of pH or concentration of 

solutions. 

There is another point which may or may not be coincident with the PZC, and 

this is the point at which pH has been adjusted to make the zeta potential zero. This 

point is called the isoelectric point (IEP). The zeta potential can be determined using 

anyone of various methods depending on electrokinetic effects as classified in Table 

2.5. Each effect depends on how the movement of solid or liquid phases is 

induced.62,63 The PZC of synthetic sapphire has been measured to be in the range of 

pH=9.0 to 9.4.64.65 The IEP of a-alumina powder was found to be dependent on 

thermal history due to the degree of hydroxylation as AI(OH)3 or AIO·OH. It has been 

shown that the IEP of Al20 3 aged in water is 9.2, and subsequent calcination at 1400°C 

decreases the IEP to 6.7.66 

In the electrophoresis technique, the zeta potential can be obtaint:;d by measuring 

the mobility of particles suspended in a liquid under the influence of a known applied 

voltage. The relation between the measured electrophoretic mobility (EM) and zeta 

potential (~() is given by the Helmholtz-Smoluchowski formula as follows: 



<I> c = EM x Constant x .]. 
€ 

Table 2.5, Classification of Electrokinetic Effects. 
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(11) 

Motion caused by imposed Potential produced by movement of 
potential phases 

Electro-osmosis: Streaming potential: 
liquid caused to move through a static potential produced by liquid being 
diaphragm forced through a diaphragm 

Electrophoresis: Sedimentation potential: 
solid particles caused to move through potential produced by the free fall of 
a stationary liquid particles through a liquid 

where the constant is 6n for a « 11K and 4n for a » 11K (a and 11K are radius of 

particle and thickness of double layer, respectively), 1') is the viscosity of the solution, 

and E is the dielectric constant of the solution. The thickness of the double layer (11K) 

can be derived from the Boltzman distribution law and the Debye-Hiickel equation. 

The value of K in cm-) is expressed as follows: 

K -
8 n p2 

-----1 
1000 € R T 

(12) 
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In the above equation, F is the Faraday constant, T is the absolute temperature and I is 

the ionic strength. In the aqueous solutions at 25 DC, K is given by K = 3.26 X 10' Zv'C 

where C is the concentration (mole/l) and Z is valance of ions. For a symmetric 

electrolyte, the double layer thicknesses (IlIc) are 3 A, 10 A, 30 A for I M, 0.1 M and 

O.OIM solutions, respectively. 

2.3.2.2 Surfactant Adsorption at SolidlLiquid Interfaces 

In the industrial applications of the surfactants, the surfactants are used as 

essential additives or processing aids, and the adsorption of surfactants at the solid

liquid interface is important in a number of technological fields such as colloid 

stability,67,68 wettability control of silicon wafers69 and froth flotation processing of 

mineral oxides. 70 Surfactant adsorption at interfaces is controlled by many factors such 

as surface wettability, surface charge, solution pH and nature of surfactant such as 

hydrophobic and hydrophilic chain lengths and ionic head group type. 

Surfactant adsorption may occur by a variety of mechanisms: (1) coulombic 

interaction between the charged solid surface and surfactant ions, (2) covalent bond 

formation with solid surface, (3) hydrophobic attraction of surfactant chain to 

hydrophobic surface and (4) surfactant tail to tail hydrophobic attraction. 

The adsorption density of surfactants could be obtained by measuring the 

surfactant concentration in solution before and after contacting with solid particles by 

a colorimetric method. 71 It was suggested that the spectral analysis of infrared 
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radiation which has undergone multiple internal reflections in an internal reflection 

element can be used for identification of the adsorbed species on surface,72 and infrared 

technique was widely applied to elucidate surfactant adsorption at solid/liquid 

interface.73
,74 This method allows to in situ qualitative analysis of surfactant 

adsorption. In this research, this method was extended to measure in-situ and in real 

time the adsorption density and identify the adsorbed species from IR spectrum, and its 

results agreed well with those found previously by other traditional methods. 7s 

2.3.2.3 Adsorption of Ionic Surfactaots 00 Hydrophilic Surfaces 

Ionic surfactant adsorption on hydrophilic surfaces such as oxides has been 

widely studied for many years. In the study of adsorption of alkyl sulfonate ionic 

surfactant at the hydrophilic alumina-water interface, it was shown that the surfactant 

adsorbs as counterions in the electrical double layer.76 This study also showed that 

the adsorption isotherm could be characterized by three distinct regions as shown in Fig. 

2.14 (a). At low concentrations of surfactant (region 1), surfactant ions adsorb 

individually through coulombic attraction for the surface. At higher concentrations 

(region 2), i.e. at about 1 % of CMC, the adsorption and electrokinetic behaviors of 

alkyl sulfonate for alumina are characterized by a marked change in the slopes. This 

results from the association of hydrocarbon chains of the surfactant molecules through 

interaction of the hydrocarbon chains of those adsorbed ions. These associated, 

adsorbed species at the surface have been termed hemimicelles. 77 In region 3, the 
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charge in the Stem plane exceeds the surface charge with the resulting electrostatic 

repulsion acting to retard adsorption. However, the hydrophobic bonding between 

hydrocarbon chains dominates the adsorption process in this region. 

Fig. 2.14 (b) shows the amount of sodium dodecyl sulfonate adsorbed on 

alumina as function of pH. The amounts of adsorption decrease as the pH is increased, 

and adsorption ceases as the pH is approached to PZC. Thus, adsorption in this system 

is strongly pH dependent because the adsorption of alkyl sulfonates on alumina appears 

to occur through electrostatic interaction with the surface. 

The effect of hydrocarbon chain length on the adsorption of sodium 

alkylsulfonates onto alumina is shown in Fig. 2.15.78 If the adsorption is the result of 

non-association of hydrocarbon chain, a single line independent of chain length should 

characterize the adsorption region I as shown in Fig. 2.15 (a). As the number of carbon 

increases, the range of region I is decreased. For the CI6 sulfonate, the region I is not 

observed. On the other hand, the adsorption of C8 sulfonate is restricted entirely to 

region 1. From the characterization of region II, it may be concluded that the 

hemimicelle concentration, that is the bulk concentration necessary to induce alkyl chain 

association at the interface, increases with decreasing chain length. The end of region 

II is characterized by the fact the electrophoretic mobility passes through zero, 

eventually reversal of the sign of the zeta potential as shown in Fig. 2.15 (b). In region 

III, the slope of the isotherm is lower than in region 2. It is apparent that the slope 

becomes greater with increasing hydrocarbon chain length. This tendency again can be 
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Fig. 2.15, (a) Adsorption isotherms for sodium alkylsulfonates of different 
hydrocarbon chain lengths on alumina and (b) Electrophoretic mobility of 
alumina as a function of the concentration of sulfonates. [from Ref. 78] 
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attributed to the increased attraction between hydrocarbon chains with increase in chain 

length. 

2.3.2.4 Adsorption of Nonionic Surfactants on Hydrophobic Surfaces 

For nonionic surfactants, the coulombic attraction with charged solid surfaces 

will be absent. A model of the most likely orientation changes of molecules of 

adsorbed nonionic surfactant onto hydrophobic surface with adsorption profile is shown 

in Fig. 2.16 (a).79 In the first stage of adsorption, a nonionic surfactant can be 

expected to adsorb parallel to the surface in dilute solutions by hydrophobic attraction 

(A). Thus it is determined mainly by the hydrophobic moiety of the surfactant. A 

complete monolayer parallel to the surface is accompanied by a gradual decrease in the 

slope of the adsorption isotherm (B). Beyond this stage, the hydrophilic head groups 

may be displaced from the surface by the alkyl chains of adjacent molecules (C). As 

the concentration of surfactant approaches the CMC, there will be a tendency for the 

alkyl chains of the adsorbed molecules to aggregate. This will cause the molecules to 

become vertically oriented monolayer with the head groups toward the solution, giving 

a hydrophilic surface, and there will be a large increase in adsorption (D). This 

increase is probably due to a combination of change in orientation and lateral attraction 

due to alkyl chain interactions. Values of the maximum adsorption density, rD. max' are 

attained close to or a little above the CMC. Experiments using alkyl polyoxyethylene 

surfactants in which both the alkylchain and the number of ethoxy groups have been 
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Fig. 2.16, (a) Schematic representation of stages in the adsorption of nonionic 
surfactants and associated features of the isotherms, and (b) adsorption of 
nonionic surfactants onto AgI powder. Arrows indicate CMC values from 
right to left, .: Cg(EO)6' ,6,: C IO(EO)6' 0: CI2(EO)6 and 0: CI6(EO)9' [from 
Ref. 79 and 82] 
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varied have shown that r mill( decreases with increasing HLB values of the 

surfactant.80
,81 Increasing the alkyl chain length in a homologous series decreases the 

CMC and also the concentration at which the adsorption plateau (C) is reached. 

Adsorption isotherms of PEO type nonionic surfactants (Cn(EO)6) onto 

hydrophobic silver iodide have revealed that the maximum in the adsorption did not 

occur until the bulk concentration was near the CMC, as shown in Fig. 2.16 (b). The 

adsorption isotherms for the Cn(EO)6 surfactants were all of the same general form. 

Increasing the size of the hydrophilic moiety (Le. HLB number) decreased the amount 

of adsorption. 82 

2.3.2.5 Adsorption Energies of Surfactants at Solid-Liquid Interfaces 

The adsorption density of surfactant ions in the Stern plane can be related to 

bulk concentration by the Stern-Grahame equation: 

-AO°ds r /I .. 2rC exp ( a) 
RT 

(13) 

where ~Glldso is the standard free energy for adsorption, r/i is the adsorption density in 

mole/cm2, r is the effective radius of the adsorbed ion, C is the bulk concentration in 

mole/cm3
, R is the gas constant and T is the absolute temperature. The free energy of 

adsorption ~Gollds can be considered to be made up of a number of contributing terms: 
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In the Eq. (14), dGDeJec is the electrostatic contribution to the total free energy of 

adsorption, dGD
ads and given by dODeJec = ~~~, where Z;t is the valence number, F is the 

Faraday constant and ~t; is the zeta potential. All the remaining terms give rise to the 

free energy due to specific adorption. dOD CH2 is the free energy due to association of 

hydrocarbon chains of adsorbed surfactant ions at the interface, dOD HM is a contribution 

due to the surfactant adsorption resulting from the tendency of hydrocarbon chains to 

be expelled from the water (Le., hemicelle formation) and dGDchcm is the free energy of 

adsorption that arises from the formation of covalent bonds between the surfactant ions 

and adsorbent surface. 

By means of the Stern-Orahame equation, the contribution of the cohesive 

energy per mole of CH2 groups to the adsorption free energy can be quantitatively 

evaluated if no other specific adsorption free energy is considered. At $~ = 0, the 

Stern-Grahame expression for the adsorption of a specifically adsorbing surfactant ion 

can be expressed as: 

(15) 

where ~ is the cohesive energy per mole of CH2 groups, CD is the bulk concentration 

at <Pt; = 0, and N is the effective number of associating CH2 groups per hydrocarbon 

chain. From the adsorption of alkyl sulfonate onto alumina, ~ has been evaluated to 

be about -1.0 RT (about 0.6 Kcallmole of CH2 groups).83 



2.3.3 Applications of Surfactants in Silicon Wafer Cleaning 

2.3.3.1 Surface Composition of Silicon 
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The surface composition of silicon is determined by wet chemical treatments, 

and it plays an important role in the subsequent processing steps. The composition of 

wet cleaned wafer surfaces has been characterized by several spectroscopic methods. 

A Si surface cleaned in HF is covered mainly by Si-H groups with a small number of 

Si-F bonds. FT-IR measurements have shown that HF etched Si surfaces are terminated 

with hydrogen atoms which cause hydrophobic behavior. 84 The exact configuration 

of the surface hydride was extremely sensitive to the pH of the treating liquid. At low 

pH, the surface includes monohydride-, dihydride- and trihydride-terminated Si atoms, 

while at high pH a neraly perfect monohydride-terminated surface has been revealed. as 

Vibration spectra obtained by high resolution electron energy loss spectroscopy 

(HREELS) of Si dipped in HF solution was shown in Fig. 2.7 (upper). Si(lll) appears 

to be terminated by one H atom per Si, forming a monohydride (==SiH) and the Si(lOO) 

surface is terminated by two H atoms per Si, forming a dihydride (=SiH2).86 Fluorine 

coverage by bonding as Si-F depends upon HF concentration in the solution as well as 

wafer rinse time. 87 Fluorine coverage suppresses silicon surface oxidation, but it is 

dramatically removed by a water rinse. 

Wafers cleaned in HCl or NH40H-H20 2-H20 mixture (SC-l or SC-2) are 

characterized by a hydrophilic surface caused by the formation of Si-OH groups. 

HREELS spectra of Si dipped in HF followed by either a SC-l or SC-2 solution have 
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Fig. 2.17, Vibrational spectra of Si (100) and (llI) surfaces after a 1 min dip in 40% 
HF (upper) and vibrational spectra of acid-catalyzed (Hel) and base
catalyzed (NH3) hydrophilic oxides (lower). [from Ref. 84 and 86] 
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revealed evidence for the presence of Si-O-Si and Si-OH groups as shown in Fig. 2.17 

(lower). 88 

2.3.3.2 Surfactants in Wafer Cleaning 

As the dimensions of integrated circuits are being reduced to submicron range, 

wet chemical processing has become more difficult because of insufficient wetting of 

silicon by buffered oxide etch (BOE) solutions, which results in poor line pattern. 

Thus, it is considered critically important to control the wettability of solution. It was 

proposed that the addition of surfactant into BOE solutions would increase the 

wettability of Si wafers by the reduction of the surface tension of the BOE solutions. 

To prevent alkali metal contamination of wafer, nonionic surfactants89 such as 

(1) polyoxyethylene alkylphenol, (2) polyoxyethylene alcohol, (3) fatty acid ethoxylate, 

(4) fatty acid ethanol amide and (5) fatty amine polyoxyethylene, etc. have been 

preferred. These surfactants are prepared from the addition reaction of polyethylene 

oxide or esterification reaction of polyethylene glycols (condensation reaction) with 

other hydrophobes containing alkylphenol, alcohol or fatty acid. Fig. 2.18 shows 

overall reaction for the preparation of typical nonionic surfactants. 

2.3.3.3 Surfactants in BHF 

The effects of the addition of various fluorocarbon and hydrocarbon surfactants 

to BHF have been evaluated by Ohmi et a1.90 From this study, several requirements 



(a) Polyoxyethylene alkyl phenol 

R @-OH + n(CH2 CH2 0) 

(b) Polyoxyethylene alcohol 

R 1-0H + n(CH2 CH2 0) 

(c) Fatty acid 

(d) Fatty amine polyoxyethylene 

CH2CH20H 
I 

---+~ R@-0-(CH2CH20)nH 

(CH2CH20)X H 
I 

R2 -N + n(CH2 CH2 0) 
I 

---+~ R2-N 
I 

CH2CH20H (CH2 CH2 O}y H 

n : 1 to 40 
R : linear or highly branched alkyl radical, Ce ,C9 ,Cl0 or C12 

R 1: linear or monobranched alkyl radical, odd or even number number carbon, 
Ce to C20 

R2 : linear alkyl radical, even carbon number only, C12 to Cle 

x + y: 2to 40 

Fig. 2.18, Preparation of typical nonionic surfactants. 
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of surfactants for submicron processing were proposed as follows: (1) good solubility, 

(2) low particle concentration, (3) low foaming, (4) low mobile ion concentrations, (5) 

low contact angle, (6) nonsegregation, (7) low particle adhesion, (8) the ability to rinse 

clean, (9) the ability to leave the wafer surface smooth and (10) high etching selectivity. 

It was confirmed that fluorocarbon surfactants lower the surface tension but do 

not lower the contact angle on silicon. Almost all kinds of fluorocarbon surfactants 

were segregated from BHF by filtration, after which the surface tension regained its 

original high value. Most hydrocarbon surfactants were also shown to increase the 

surface tension of BHF after filtration. Hydrocarbon surfactants of aliphatic amine 

having adequate carbon numbers exhibited a drastic decrease in contact angle on silicon. 

It has been demonstrated that the etching rate of Si02 by surfactant containing 

BOE drops sharply at a particular concentration of surfactant (i.e., 300 ppm of aliphatic 

amine surfactant). This is due to preferential adsorption of surfactant at SiO/solution 

interface. Accordingly, the surfactants for BHF are selected such that the same etch 

rate as conventional BHF is obtained. At the same time, the etch rate of Si is also 

reduced to one-fourth of that in the absence of surfactants. Thus etching selectivity of 

Si02 to Si is improved as shown in Table 2.6. It was also proposed that the number 

of particles in BHF can be reduced to 1 particle/ml (> 0.5 J.lm) by circulating filtration 

with the addition of the selected surfactants. It may be due to the coagulation of fine 

contaminant particles at CMC. 91 
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2.3.3.4 Surfactants in Alkaline Solutions 

Surfactants are also used in alkaline solutions based on quaternary ammoniurll 

hydroxides (QAH) such as choline (trimethyl-2-hydroxyethyl ammonium hydroxide) 

and TMAH (tetramethyl ammonium hydroxide) which are considered as alternatives to 

traditional ammonium hydroxide solutions used in the wet processing of silicon 

wafers. 92 Choline (pKb~O.I) and TMAH (PKb~O) are much stronger bases than 

ammonium hydroxide (pKb~4. 7) and are also typically free from alkali metal 

contaminants. Rinsing of BOE or HF etched wafers in aqueous solutions of QAH has 

shown promise in reducing metallic and particulate contaminants on the wafers.93 

Because of the high etch rate of silicon in TMAH solutions, most commercially 

available TMAH-based chemicals contain a proprietary surfactant. Commercially, 0.5 

% choline and 1.5 % TMAH solutions containing a nonionic surfactant are available 

under tradenames of Summa Clean (Mallinckrodt, MO) and ANC-I or PFC-I (Moses 

Lake Chemical, WA), respectively. 

Table 2.6, Effect of BHF added surfactants on etching selectivity ratio. 

BHF Etch rate (A/min) Selectivity 
(30% NH4F Ratio 

and 6% HF) Si02 Si 

no surfactant 852 1.14 748 

with surfactant 862 0.32 2695 
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2.3.3.5 Cleaning with Ozonized DI Water 

Ozone has been used as an oxidant in waste treatments and drinking water 

sterilization. In recent years, ozone has been slowly introduced into microelectronics 

industry for wet Si cleaning processes. In an attempt to remove organic contaminants 

on the silicon surface, the rinsing of silicon surface with ozonized ultrapure water has 

been proposed. 94,95 The conventional RCA cleaning method employs H2SO/H20 2 

cleaning at high temperature (~130°C) to remove organic contaminants. However, the 

simple ozonized ultrapure water treatment substitute for H2SO/H20 2 was shown to 

remove organic contaminants effectively at room temperature and to improve problems 

in terms of waste chemical processing and handling. 96 During its reaction (oxidation) 

with organic molecules, ozone is destroyed. The result of this oxidation of organic 

molecules by ozone is carbon dioxide and water. 

Ozone is an allotrope of oxygen (02) and is composed of three oxygen atoms 

that are chemically arranged in an isosceles triangle with a vertex angle of 127±3°. The 

unique sterilizing capabilities of ozone are attributed to the fact that it is the second 

most powerful oxidant known (03 + 2H+ + 2e ~ O2 + H20, EO=-2.08V). This high 

chemical reactivity is related to the unstable electron configuration which requires it to 

seek electrons from other molecules. Ozone and H20 2 decompose virtually in the same 

way.97 

Ozone is formed oxygen by electric discharge, ultraviolet irradation or chemical 

reaction. The concentration of ozone can be measured by numerous methods such as 
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iodometric procedures and electrochemical cell methods, etc. Commercially, ozone is 

generated by accelerating electric electrons between two charged electrode. 98 When 

a 6 - 7 e V electron interacts with an oxygen molecules, dissociation takes place as 

follows: 

O2 + High Energy Electron ~ 2 0 + Low Energy Electron 

The oxygen atoms formed are a very reactive species and combines almost immediately 

with oxygen molecules to form ozone:99 

0+02 ~ 0 3 

The net reaction is: 

L\Ht = 34.6 Kcal/mole 

Ozone is sparingly soluble in water, especially at lower temperature. Table 2.7 lists the 

solubility of ozone in water at different temperatures. 100 Ozone is an unstable 

molecule which slowly decomposes back to oxygen from which it was made as 

follows: 101 

0 3 + OH- ~ O2- + H02 

0 3 + H02 ~ 202 + OH 

0 3 + OH ~ O2 + H02 

2H02 ---+ 0 3 + H20 

H02 + OH ~ O2 + H20 

Thus, the following decomposition products can be generated from aqueous ozone 

solutions: 0, O2, OH, H02, 0- H20 and Oz-' 
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Table 2.7, Solubility of Ozone in Pure Water 

Temperature COc) 0 10 20 30 40 50 60 

Solubility (ppm) 39 29 21 7 4 1 0 

The rate of decomposition is dependent on temperature as well as pH, because 

decomposition reaction is strongly catalyzed by hydroxyl ions in accordance with 

following equation: 

0 3 + OR ~ H02 + O2-

The effect of pH on residual ozone in water at 287. 7°C is shown in Fig. 2.19. 102 

From this result, the formula for time and pH dependence of ozone concentration 

change was derived as follows: 

log {[03Jo/[03U = k[OH-Jo.75t 

where [03Jo is the initial ozone concentration, [03J. is the ozone concentration at time 

t and k is the constant. 

Few works have been carried out on the mechanism of ozonation of nonionic 

surfactants. From results on the ozonation experiments for various organic materials, 

it was concluded that ozone attacks phenol and polyethylene glycol. 103 Fig. 2.20 

shows proposed pathway for decomposition reaction between ozone and polyethylene 

oxide part of alkyl phenol ethoxylate surfactants. 104 As a result of ozonation of the 

nonionic surfactant, the polyethoxylate chain was cleaved to lower molecular weight 

products, such as formic ester, ethylene glycol, ether molecules or polyethoxylates 
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Fig. 2.19, Dependence of ozone decomposotion rate on pH in aqueous solution. [from 
Ref. 101] 
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Fig. 2.20, Proposed pathway for the reaction between ozone and the polyethylene 
oxide part of the alkyl phenol ethoxylate surfactants. [from Ref. 104] 
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substituted with carboxylic and esters groups, hydrogen peroxide and CO 2, It was also 

reported that the time required to decompose a series of nonionic surfactants of nonyl 

phenol ethoxylates in aqueous solutions by ozone oxidation is a few minutes. 105 Simple 

etheric oxidation by ozone has been reportd by Price et al. 106 who explained the 

reaction by electrophilic attack of the ozone on hydrogen atoms. It was suggested that 

the mechanism of organic contaminants removal from silicon surface by ozonized OI 

water is the combination between the direct attack of ozone to residual organic 

materials and the oxidation of the wafer surface which makes it possible to incorporate 

residual organic materials into the chemical oxide. 107 
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2.4 Wettability Evaluation 

2.4.1 Dynamic Contact Angle Measurement 

Contact angle measurement is a sensitive method for the characterization of the 

surfaces of solids. It can provide important information about the nature of surfaces in 

addition to other surface characterization teclmiques such as an electron spectroscopy 

for chemical analysis (ESCA). Wettability can be evaluated by contact angle 

measurement. Wettability of materials plays an important role in a variety of fields 

such as mineral processing and biological applications of polymeric materials. The 

most common contact angle measurement is performed by a direct microscopic method 

using a goniometer or protractor with a sessile drop or captive bubble technique. It can 

be also characterized by measurements of advancing and receding dynamic contact 

angles (DCA) with a principle of dynamic Wilhelmy plate technique. 108 

In the dynamic contact angle measurement, the force as shown 111 Fig. 2.21 

exerted on a specimen (in the form of a flat plate) during immersion into or emersion 

from a liquid at a controlled speed is measured using a microbalance. Fig. 2.22 shows 

the dynamic contact angle hysteresis loop formed during the experiment. As the sample 

enters the liquid surface, an abrupt change in force is detected due to the vertical 

component of the surface tension of liquid. As the sample continues to become 

immersed in the liquid, it provides a buoyance force which manifests as a straight line, 

and it can be used for an advancing angle measurement. After the appropriate 

immersion depth is reached, the direction is reversed and the sample is withdrawn from 
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Fig. 2.21, Force balance during the measurements of surface tension and contact 
angle. ( 1) plate in air prior to contact with liquid, 2) plate just at the 
liquid-air interface and 3) plate immersed in the liquid) 
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the liquid. It exhibits a receding contact angle with a liquid. If the advancing and 

receding slopes are assumed to be straight and are extrapolated to the zero depth of 

immersion, the buoyance force can be eliminated from force balance equation given in 

Fig. 2.21. 

Forces A and B shown in Fig. 2.22 are used to obtain advancing and receding 

contact angles, respectively, from a relevant equation derived from force balance. By 

setting total force, F equal to zero before starting the experiment, the contact angle can 

be expressed as follows: 

cos e = mg 
PYL 

(16) 

In Eq. (16), 8 is the contact angle, m is the mass of the plate, g is the acceleration due 

to gravity, P is the perimeter of the plate, YL is the surface tension of the liquid, PL is 

the density of the liquid, and V is the volume of plate immersed in the liquid. 

Alternatively, surface tension of the liquid, YL can be obtained from the force, 

dimension of the sample and negligible contact angle hysteresis using a highly clean 

and completely wettable plate (i.e. cleaned glass or platinum with acetone and flame) 

assuming total wetting, 8 = 0. 109 

2.4.2. Contact Angle Hysteresis 

The difference between the advancing angle 8A and the receding angle 8R is 

referred to as the contact angle hysteresis, ~8. The contact angle hysteresis is 
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commonly observed during dynamic contact angle measurement. One can advance a 

liquid drop over a solid surface by inclining the surface and adjusting the angle of the 

inclined surface until the drop moves slowly over the surface or just begins to move. 

Then, one can measure the advancing angle on the low end of the plane and the 

receding angle on the upper portion of the plane. 

The reasons for contact angle hysteresis are attributable to (I) the mobility of 

the outer surface chemical groups. (2) surface heterogeneities and (3) surface 

roughness. IID Fig. 2.23 (a) shows molecular reorientation with changing of surface 

environment. Especially, block copolymers prepared from hydrophobic and hydrophilic 

blocks exhibit dynamic surface resulting in contact angle hysteresis. The hydrophobic 

block domains tend to enrich on the surface exposed to vacuum or air, while 

hydrophilic block domains tend to migrate to the surface-water interface as shown in 

Fig. 2.23 (a). Thus, the advancing angle may be due to the existence of the 

hydrophobic domains on the surface. On the other hand, the receding angle is 

contributed from the hydrophilic domains."I."2 

When the advancing angle of a heterogeneous surface is measured, as the liquid 

advances, the hydrophobic domains act as liquid pinning points which retard or stop the 

liquid from advancing over the heterogeneous surface, thus leading to an advancing 

angle higher than otherwise expected. Fig. 2.23 (b) shows the surface heterogeneity 

effect. As can be noticed from this figure, when the receding angle is measured, the 

hydrophilic domains keep the liquid from being pulled away. Thus. the advancing 
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Solution 

Fig. 2.23, Wilhelmy plate showing contact angle hystresis induced by (a) hypothetical 
movement of domains with changing environment and (b) surface 
heterogeneity. 



87 

angle tends to represent the hydrophobic phase. the receding angle is characteristic of 

hydrophilic phase, producing a contact angle hysteresis. 

Surface roughness can also cause contact angle hysteresis. As shown in Fig. 

2.24 (a), a drop on an inclined rough surface shows an apparent contact angle, 8a' and 

8r', but the true contact angle is 80' Clearly, the microscopic angle measured can be 

very different from the actual microscopic or true angles. Wenzel relates contact angles 

(8) to true area (A) and apparent area (A') in terms of surface roughness, r (r=NA', 

r;?:: 1) as cos 8 = r cos 80 •
113 It is clear that the contact angle increases as r increases 

for 80 larger than 900 and the contact angle decreases as r increases for 80 less than 

90°. 

10hnson et al. concluded with vanous experimental measurements that as 

roughness increases. the contact angle hysteresis increases as shown in Fig. 2.24 (b), 

the advancing angle increases with increasing roughness and receding angle decreases 

with increasing roughness. I 14 If the surface becomes too rough, then capillary 

phenomenon becomes important, resulting in total wetting and spreading. 
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Fig. 2.24, (a) A drop on an inclined plane which is ideally rough surface: 80' 8a' and 
8r' are the microscopic contact angle, measured advancing and receding 
contact angles, respectively. (b) The effect of roughness on contact angle 
on a model of rough surface for 80 =120° and 45°. 



CHAPTER 3 

MATERIALS AND EXPERIMENTAL PROCEDURES 

3.1 Albumin Adsorption on Polyurethane 

3.1.1 Materials 

89 

Biomedical grade polyurethanes, Pellethane® 2363-90A (Dow Chemical USA) 

and Biomer® (30% solution in dimethylacetamide, Johnson & Johnson) were used. All 

chemicals used for the preparation of solutions were of reagent grade. Bovine serum 

albumin (Sigma A-2153, 96-99% albumin) was used without further purification. All 

aqueous solutions were prepared in deionized water, and the pH was adjusted with 

NaOH and Hel. 

3.1.2 Characterization of Polyurethanes 

3.1.2.1 Infrared Analysis 

Attenuated total reflection infrared spectra of Pellethane® and Biomer® were 

obtained with a ZnSe A TR FT -IR cell attachment (Perkin-Elmer 0186-2287). All 

spectra were collected using a Perkin-Elmer 1725X FT-IR spectrometer at a resolution 

of 4 cm· l
. The hydrogen bonded and nonhydrogen bonded carbonyl subpeaks were 

analyzed using a curve-fitting software (Peakfit 3.0, Jandel Scientific) to investigate the 

ratio of intermolecular hydrogen bonding. 
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3.1.2.2 Zeta Potential Measurement 

For zeta potential measurement by an electrophoretic method, the Pellethane 

beads were ground by a Wiley mill to powder (Surface area: 700 cm2/gm). The zeta 

potential measurements were made using a Zetameter unit (Zeta Meter Inc.). Since the 

polyurethane was quite hydrophobic in inorganic solutions, some difficulty was 

encountered in sample preparation for zeta potential measurements. In most cases, a 

concentrated suspension of the particles was first made with vigorous stirring, and after 

a short settling period, the suspension without any floating particles was loaded into the 

electrokinetic cell. 

Zeta potential measurements on cast Pellethane and Biomer films were made by 

streaming potential measurements using an Electro Kinetic Analyzer (Brookhaven 

Instruments Corp.). The samples were cut into 50 mm x 130 mm (solution contact 

size: 9.5 mm x 73.5 mm) sheets, and a Teflon sheet (thickness: 0.3 mm) was used as 

a spacer between the two sample sheets as shown in Fig. 3.1. Solutions were pumped 

through the channel formed by samples and spacer and then zeta potential ($1) was 

calculated from the following Eq.: 115 

(17) 
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Fig. 3.1, A schematic sketch of the streaming potential cell. 
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In Eq. (17), ilEstr is the streaming potential measured across the capillary, ilP is the 

pressure difference across the capillary responsible for the flow of electrolyte, r is the 

radius of capillary, E is the dielectric constant of the solution, 11 is the viscosity of the 

solution, and KB and Ks are the solution and surface conductance, respectively. ilEsr/ilP 

is the slope which can be obtained by the measurements of streaming potentials at 

various flowing pressures. Surface conductance is generally neglected except in 

electrolytes of extremely low ionic strength, i.e., less than 10.4 moles/liter. At higher 

ionic strengths, surface conductance is negligible compared to the total conductance, 

and the zeta potential $, is given by ., 

'" (41tTJ) (Estr) K 
'*" € P B 

(18) 

3.1.3 Adsorption Apparatus 

Albumin adsorption measurements were carried out for (A) uncoated IRE 

(internal reflection element) surface and (B) polyurethane coated IRE surface using an 

ATR FT-IR flow cell illustrated in Fig. 3.2 with internal reflections. The cell utilized 

a horizontal A TR cell attachment (Perkin-Elmer 0186-2287) and a ZnSe A TR crystal 

(solution contact size: 71 x 8.3 mm) as an internal reflection element. The IRE was 

coated with a 0.4 Ilm thick polyurethane film by the solvent (dimethylformamide) 

evaporation technique to investigate adsorption on polyurethane. Albumin solution was 

pumped through the channel of the flowing cell at a flow rate of 3 ml/min using a 
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Schematic diagram of the horizontal A TR FT -IR liquid flow cell showing 
internal reflections for (A) uncoated IRE system and (B) coated IRE 
system. 
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peristaltic pump and Tygon® tubings at room temperature. Transmission spectra of 

solutions were obtained with 13 mm (diameter) x 2 mm (thickness) ZnSe IR windows 

with a Teflon® spacer of about 0.03 mm in thickness. All spectra were collected at a 

resolution of 4 cm·] using a Perkin-Elmer 1725X FT-IR spectrometer without a beam 

polarizer. 

A solution of 1 % of H20 in 0 20 was used as a reference solution for 

calculations of incident angle and number of reflections of IR beam in ATR cell. For 

quantitative analysis of albumin adsorption, A TR spectra were obtained for polymer 

coated and uncoated systems at solution concentrations of 0.5, 1, 3,4.5 and 6 gil OOml. 

After subtracting the background spectra from spectra of test solutions, the integrated 

peak area of the amide II band in the range of 1600 - 1480 cm-] was obtained, and this 

area was considered to represent the total amount of protein adsorbed at the interface. 

The calculation method for adsorption density will be discussed in the Theory section. 

The spectral shape of the amide III band was also analyzed to understand the 

conformational change of the adsorbed albumin at various pH values. 

To evaluate the effect of analytical error in the calculation of adsorption density, 

the values of possible error factors, thickness of n2 layer, index of refraction and 

polarization ratio were changed in the range of 0.3 - 0.5 ).tm, 1.5 - 1.6 and 0.6 - 1.0, 

respectively, and then adsorption density was calculated. 



3.2 Interaction of Anionic Surfactant with Alumina 

3.2.1 Materials 

95 

The alkyl phosphate surfactant, GAFAC® RE-61O (RHONE-Poulenc Co.) was 

used as received. It is classified as anionic surfactant and consists of a mixture of 

monoester and diester. The relative amount of mono- and diester in surfactant was 

measured by titration using an autotitrator (Radiometer. VIT 90 video titrator) with 

0.0656M KOH. 

Synthetically grown single crystal alumina IRE (L=28.7 mm, d=3.18 mm) was 

obtained from Spectra-Tech Inc. For the measurement of zeta potential, a-alumina 

powder (LAKP-50. Sumitomo Chemical Co.) \vas used. Since \vater exhibits strong 

absorbance in the spectral region of interest (i.e., alkyl vibration region, 2800 - 3050 

em-I) as shown in Fig. 3.3, D20 (Aldrich Chemical Co., 99.9 At.% 0) was used as a 

substitute for H20 in the preparation of surfactant solutions. 116 0 20 resembles 

ordinary water in appearance but differs from it slightly in other physical properties 

such as melting point. I 17 

3.2.2 Experimental Apparatus 

3.2.2.1 Zeta Potential and Contact Angle Measurements 

The zeta potential of alumina was measured by electrophoresis method using 

LAZER ZEE METER (Pen Kem Inc, Model 501). The surface tension of surfactant 

containing solutions and contact angle on alumina were measured at an 
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immersionlwithdawal velocity of 64 ~un/sec by a Wilhelmy plate method usmg a 

dynamic contact angle analyzer (Cahn DCA-312). In this experiment, plate shape of 

sapphire samples (20mm (W) x 30mm (L) x O.4mm (t» were immersed at a speed of 

64 , .. un/sec to the depth of 7 - 8 mm, and then withdrawn. 

3.2.2.2 Adsorption Apparatus 

The ATR FT-IR flow cell system used in this experiment is illustrated in Fig. 

3.4. The cylindrical sapphire IRE was installed in the cylindrical infrared reflection 

accessory (Perkin-Elmer Model 1700 FT-IR). Alumina IRE was rinsed with DI 

water/chioroform/D20 and cleaned with oxygen plasma between experiments. 

Surfactant solutions of concentration in the range of I X 10'2 to I x 1 03 ppm were pumped 

through the channel of cell (volume: 0.4 ml) by means of a peristaltic pump with 

Viton® and Teflon® tubings at 2 mllmin of flow rate at room temperature. The pH of 

solutions was adjusted with Na2C03• For the measurement of linear dichroism, a plate 

shaped ZnSe IRE with RF sputtered AI20 3 film of thickness of 1940 A on one face was 

used. Polarized IR beams were obtained using a Ge beam polarizer (Harrick Scientific 

Corp.). All spectra were collected by subtracting the background spectrum of D20 from 

the sample spectra. For the quantitative measurement of the adsorption of surfactant, 

the integrated absorbance was determined with base line in the region of 3000 - 2800 

cm') (aliphatic stretching region). The calculation of adsorption density of collector on 

IRE surface was based on the method to be discussed in the Theory section. 
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The integrated molar absorptivity of solution was determined by a transmission 

method using a demountable liquid cell (Perkin-Elmer N93 0-1117) with CaF 2 windows. 

The path length of the transmission cell was obtained from the channel spectrum of the 

empty cell. The individual CH stretching bands were curve-fitted using a software to 

calculate chain orientation. The spectral area of each peak gave the individual band 

amplitude in both perpendicular and parallel polarized beam conditions. 

3.3 Interaction of Nonionic Surfactants with Silicon 

3.3.1 Materials 

3.3.1.1 Silicon Wafer 

For the measurement of wettability and etch rate in alkaline solutions, n(lOO) 

silicon wafers were cut into 13 mm x 19 mm samples in a class 100 cleanroom. 

Samples were cleaned in Piranha solution and then rinsed in DI water. The native 

oxide layer on the samples was removed using a 10: 1 BOE solution for 1 min. The 

samples were subsequently rinsed in DI water and dried using dry nitrogen gas. 

3.3.1.2 Surfactants 

The structures of nonionic surfactants used in this experiment are shown in Fig. 

3.5. Octylphenoxy polyethoxyethanol (Fig. 3.5 (a)) which have branched alkyl chains 

and the number of EO unit, n in the range of 5 to 30, nonylphenoxy polyethoxyethanol 

(n = 5 and 9.5, Fig. 3.5 (b)) and several fatty alcohol ethoxylate (Fig. 3.7 (c)) such as 
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C1iEO)lo, C I6(EO)1O and C I6(EO)2o were used. Also an electronic grade nonionic 

surfactant (30 %) supplied by WAKO chemical was used. The pH of surfactant 

containing solutions was adjusted to 9.5 with NH40H. 

Three commercially available BOE solutions containing unknown surfactants 

provided by different vendors were selected to investigate the wettability on silico wafer 

and washing effect of adsorbed surfactants onto silicon surface by washing silicon wafer 

dipped in surfactant containing BOE solution for 5 min with flowing DI water for 1 

mIn. 

3.3.1.3 TMAH Solutions 

Three different electronic grade TMAH solutions were proyided by Moses Lake 

Chemical Industries (Moses Lake, W A): (1) PFC-I which contains TMAH and a 

proprietary surfactant and recommended for removal of particles on wafers, (2) ANC-l, 

which also contains TMAH and the proprietary surfactant, but recommended for 

removal of metal ion and organic contaminants, and (3) PFC-l Special (PFC-l-S) which 

is a TMAH solution without any surfactant. The concentration of TMAH in the 

different chemicals was determined by a titration technique using 0.0483 M HCl. An 

autotitrator (Radiometer VIT 90 Video Titrator) capable of dispensing 0.1 ~l of titrant 

was used for these titrations. 
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Fig. 3.5, Structures of nonionic surfactants used for Si wettability experiments. (a) 
octylphenol PEO, (b) nonylphenol PEO and (c) polyoxyethylene alcohol. 



3.3.2 Experimental Apparatus 

3.3.2.1 Wettability Measurement 
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The wettability of silicon was measured using a dynamic contact angle analyzer 

(Calm DCA-312) as explained section 3.2.2.1. Two immersion and withdrawal cycles 

were carried out to observe the effect of cycling on contact angles. The surface tension 

of solutions was also measured with this instrument. To investigate removal of 

adsorbed surfactant onto silicon, contact angles on silicons exposed to surfactant 

containing solution (200 ppm, octylphenol PEO, n=9.5) were measured after washing 

flowing with DI water for 1 min and dipping in ozonized DI water (2 ppm 03) for 10 

mm. 

3.3.2.2 Adsorption Measurement 

The cylindrical silicon IRE was installed in A TR FT -IR flow cell as shown in 

Fig. 3.2. Experiments for the measurement of surfactant adsorption onto silicon were 

performed as described in section 3.2.2.2. For the calculation of adsorption density, the 

peak area of the aliphatic region was used. After pumping a variety of surfactant 

solutions adjusted to pH=9.5 at a flow rate of 0.5 mllsec for 30 min, the D20 solution 

was pumped through cell at a flow rate of 0.5 mllsec to measure the desorption of 

adsorbed surfactants. For the measurement of chain orientation of the adsorbed 

surfactant molecules, a plate shape of silicon IRE was used. The spectral areas (All and 

A.l) of aliphatic region were obtained by the parallel and perpendicular polarized IR 
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beams using a Ge beam polarizer. 

3.3.2.3 Etch Rate Measurement 

The etch rate of silicon in alkaline solutions as a function of TMAH and NH40H 

concentrations was determined by immersing silicon samples for 3 hrs in 20 ml of 

solutions and analyzing the solutions for dissolved silicon using ICP (Induced Coupled 

Plasma) atomic emission spectrometry. The etch rate was calculated according to the 

following equation: 

Etch Rate (A/min) = (Mx lOS) / (PSi X A x t) 

In the above equation, PSi is the density of silicon (g/cm3), A is the exposed area of 

silicon sample (cm2), t is the etching time (min) and M is the amount of silicon 

dissolved in etching solution (g) and is given by M=CIl 06 xV, where C is the 

concentration (ppm) and V is the volume of the etching solution (cm3
). 

3.3.2.4 Atomic Force Microscopy Analysis 

The surface roughness of silicon was measured with atomic force 

microscopyllS using a Digital Nanoscope II (Digital Instrument, Santa Babara, CA). 

AFM images were obtained by scanning the surface with a Si3N4 tip. The root-mean

square surface roughness (~s) and the height difference between the highest and 

lowest point as a peak-valley roughness (~J were measured. 
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3.3.2.5 ESCA Analysis 

The surface chemical compositions of silicons exposed to surfactant and TMAH 

containing solutions were analyzed by electron spectroscopy for chemical analysis 

(ESCA)119 using a VG ESCALAB MIdI with an aluminum (Ka1 .2 = 1486.6 eV) anode. 

Samples were stored in a vacuum sample chamber before experiments. 



105 

CHAPTER 4 

THEORY 

4.1 Calculation of Adsorption Density 

The incident IR beam in the ATR FT-IR system is internally reflected at 

interfaces of the IRE/solution or IRE/coated layer as shown in Fig. 3.2 or 3.4. As 

mentioned earlier, at each reflection point, an oscillating electric field (evanescent wave) 

penetrates beyond the IRE into the aqueous solution in the case of uncoated IRE system 

(Fig. 3.2 (A)), or through the coated layer and into the aqueous solution for a coated 

IRE system (Fig. 3.2 (B)). This wave interacts with species in the adsorbed layer and 

bulk solution beyond the IRE to produce the absorption spectrum. By subtracting the 

spectrum of background. the absorption spectra due to the adsorbed layer and a part of 

the bulk solution close to the interface can be obtained. 

The calculation of adsorption density of protein or surfactants on an IRE surface 

was based on the assumption of a step type concentration profile at the solid-liquid 

interface. 120 The absorption per reflection, AIN is given by 

(19) 
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where A is the integrated absorbance (em-I), N is the number of solution sensing 

internal reflections, n21=nin I (nl and n2 denote the indices of refraction of IRE and 

solution phases, respectively), e is the angle between the incidence beam and the normal 

to the IRE surface, E is the integrated molar absorptivity (l/mole-cm\ C(z) is the 

concentration (mole/I) as a function of distance liZ" from the interface and Eo is the 

electric field amplitude at the solid surface in contact with solution. 

An expression for the adsorbed layer contribution to the measured absorbance 

can be obtained by integrating Eq. (19) over the two regions of the step type 

concentration profile as depicted in Fig. 4.1; (1) the very thin region of the adsorbed 

layer, C(z) = Cj + Cb for 0 < z ::;; t, and (2) the thick region of bulk solution, C(z) = Cb 

for t < z < infinity, where t is the thickness of the adsorbed layer, and the subscripts i 

and b denote the interface and bulk, respectively. 121 Then Eq. (19) can be expressed 

as follows; 

(20) 

In the above equation, subscript s denotes sample solution. The term (C jt)1l 000 is 

identical to the adsorption density, r (moles/cm2). It may be noted that the first term of 

right side of Eq. (20) represents the contribution from the bulk solution and the second 

term is the adsorbed layer contribution to the total absorbance. Eq. (20) can be used 

to determine the extent of adsorption on both coated and uncoated IRE systems, 

provided the values of des and dp are calculated appropriately. In the following sections, 
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equations to calculate f>s' des and dp for the coated and uncoated systems will be 

described. 

4.1.1 Uncoated IRE System 

This system consists of an A TR (phase 1) and a solution layer (phase 2). The algorithm 

to calculate adsorption density is shown in Fig. 4.2. The penetration depth and effective 

depth of evanescent wave into the solution phase from the interface may be expressed 

as: 

(21) 

? 

d = ~1 E~ d 
e (2 cose) P 

(22) 

where }'I is defined as the wavelength of the IR beam in the denser medium (=Ao/n l , Ao 

is the spectrometer wavelength of the peak under consideration). 

Because the intensity of the evanescent wave is polarization dependent, separate 

calculations must be made for the perpendicular (-L) and parallel (II) polarization 

components of dc• The polarization dependent components of de are calculated as 

follows: 

d e,.!. (23) 
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(24) 

Under conditions of unit polarization ratio, i.e. same intensities of perpendicular and 

parallel polarized IR beams, the effective depth (dc) may be taken as the arithmetic 

average of dC•1 and de. II : 

(25) 

The calculation of dp and de requires the value of incidence angle (8), which is 

related to the number of solution sensing reflections (N). From the geometry of the 

A TR element. the relation between Nand 8 can be expressed as 

N 
L (26) 

(d x tanS) 

where L is the solution contacting length and d is the thickness of the A TR element. 

For the determination of the internal reflection angle 8, a solution of 0.5 or 1.0 

v/v % of H20 in D20 was used as a reference solution. As shown on the right side of 

Fig. 4.2, the steps involved in the determination of 8 are as follows: 

(I). By measuring the integrated absorbance of a transmission spectrum (Fig. 4.3) 

of the reference solution (ArT) in the range of 3688 - 2791 cm-' using a transmission 

ceIL the value of integrated molar absorptivity (Er) was determined from Eq. (27). 

(27) 
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Fig. 4.3, Transmission spectra of 0.5 % and 1 % H20 in D20. 
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In the Eq. (27), Cr is the concentration of the reference solution, i.e., H:P in D20, 

(mole/l) and P is the path length. The path length of the transmission cell was 

determined from channel spectra of the empty cell as shown in Fig. 4.4, by measuring 

the numbers of fringes "n" in a specified wavelength (A) or wavenumber (v) range as 

follows: 122 

(28) 

(II). The integrated molar absorbance (Ar) of the reference solution obtained 

from an ATR spectrum shown in Fig. 4.5, is related to N, Er and der through Beer's law 

as follows: 

(29) 

Eq. (29) contains two unknown terms, Nand der, and these values were determined by 

an iteration technique. First, using an assumed value of incidence angle 8ass, a value of 

dcr was calculated using Eqs. (23), (24) and (25). Using the calculated value of dcf' N 

was calculated from Eq. (29). Using Eq. (26), which relates Nand 8, a new value of 

8 was calculated and this procedure was repeated until the value of 8 converged. 

For the albumin solutions, the molar absorptivity (Es) of the amide II band was 

determined from the spectral absorbance (AsT) measured in a transmission mode using 

a 10 wlw % albumin solution according to the following equation: 

(30) 
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Fig. 4.5, A TR spectra of 0.5 % and 1 % H20 in D20. 
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For other surfactant containing solutions, spectral absorbance in the aliphatic region as 

shown in Fig. 4.6 was used for the calculation of molar absorptivity. 

4.1.2 Coated IRE System 

This system consists of an A TR element (phase 1), a thin polymer layer (phase 

2) and a solution layer (phase 3). An equation similar to that for the uncoated system 

can be obtained for this system by calculating appropriate values of des and dp• Hansen 

has derived an effective depth in phase 3.; "beID" (analogous to de for the uncoated . . 

system, beff.3=2dJ and a penetration depth for the third phase defined as Old"~ (analogous 

to dp for the uncoated system). m The total absorbance in phase 3, "ATo,a'./', can be 

expressed in terms of "bell3" and lid" as follows: 

Arotal,3 = € C b + € (beff,3) (2000n 
N S 5 eff,3 5 d 

(31) 

where, again, the subscript "s" denotes sample solution, and r is the adsorption density 

(mole/cm2
). The penetration depth (d) is given by Eq. (32). 

d = (32) 
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In the Eq. 32, Im~3 is the imaginary part of the simplified expressIOn ~3' which is 

defined as 

(33) 

The complex index of refraction for phase j is expressed as 1\ = nj +injkj or nj = nj +iKj, 

and nj, kj and Kj are the real refractive index, the attenuation index and the extinction 

coefficient, respectively. 

The term "bclT.3" consists of parallel and perpendicular components as shown in 

Eqs. (23) and (24). These components. belT.3.1. and beffJ." ' can be obtained from the 

following equations: 

b eff.3 • .!. 
d x ~ f x __ 11_3 __ 

E • .!. (n
l 

cosS) 
(34) 

~3 n l sinS n3 
beff•3.:: = d x [1-. tEl + I. tEl ] x -~-

n3 ~ (n l cosS) 
(35) 

In Eqs. (34) and (35), the terms tu and tE.!! are functions of the ratio of the electric 

field amplitude transmitted to phase 3 (through phase 2) to the field amplitude of the 

incident beam in phase 1. These terms can be calculated from the Fresnel formulas for 

the complex transmission and reflection coefficients. 124 

For the perpendicular polarization, tu can be expressed as follows: 
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t -E • .L 
(36) 

In the above equation, p, given by p = 27t(bJAo)S2' is essentially the decay factor of 

electric field intensity caused by phase 2, where h is the thickness of n2 layer. Between 

phases j and k, transmission and reflection coefficients, t.Ljk and r .L.jk for perpendicularly 

polarized wave are given by 

(37) 

where Il is the magnetic permeability. For nonmagnetic materials, Il=l. 

For the parallel polarization, tE.II is given by: 

(38) 

and the parallel component of transmission coefficient of magnetic field, tll.lI is given 

by 

(39) 
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where 

(40) 

where E, given by E=n2/~, is the dielectric constant. 

By sequential back-substitution of these expressions, the values of tE.II and tE,J. can be 

obtained, and these values are then used to obtain the effective thickness for 

perpendicular and parallel polarizations. As shown in Fig. 4.7, adsorption density can 

be calculated from Eq. (31), which is completely analogous to Eq. (20). 
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4.2 Calculation of Chain Orientation 

Polarized IR beams obtained by a beam polarizer have inherent different electric 

field vectors in the x, y and z directions at the lRElliquid interface. Adsorption of IR 

beam due to species in the adsorbed layer can be detected only if there is a component 

of electric field vector parallel to the particular molecular vibrational transition moment. 

Thus, it is possible to determine the spatial molecular orientation by measuring linear 

dichroic ratio using perpendicular and parallel polarized IR beams. The linear dichroic 

ratio, LD, is defined as the ratio of absorbances measured using the perpendicular (A.1) 

and parallel polarized IR beams (All) (LD=A.1/AII). 

The optical axes at the alumina IRE surface with adsorbed alkyl chain of RE 610 

are schematically depicted in Fig. 4.8. The x and z axes are in the plane of incidence 

and reflected beams, while the y axis is perpendicular to this plane. The z axis is 

normal to the Al20 3 surface. In the parallel polarization (TM), electric fields exist in 

both x and z directions, and any molecular vibration moment in the x or z direction can 

interact with these fields. In the perpendicular polarization (TE), an electric field exists 

only in the y direction. According to spatial orientation of adsorbed alkyl molecular 

chains, two limiting cases can be found: (I) for completely random orientation of 

chains, the fraction of transition moment in each direction is identical, and (2) for 

chains oriented with the long molecular axis (z direction) normal to the surface (x-y 

plane). most CH2 groups will be parallel to the IRE surface. The electric fields in the 

x and y directions will interact with transition moment of CH2 groups, while electric 
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field of z direction will not be absorbed. Therefore, LD ratios for these two cases may 

be expressed as follows: 125 

LDrandom LDperpend = 
<E2> x 

(41) 

In the Eq. (41), <E}>, <E/> and <E/> are components of the squared electric field 

amplitude in the x, y and z directions, respectively. The electric field amplitudes in the 

three directions at interface, in the second phase (i.e., solution), can be calculated from 

the geometry and optical constants of the experimental system as follows: 126 

<E> x 

<E> y 
2 cose 

(42) 

(43) 

(44) 

Many investigations on molecular orientation have applied linear dichroic ratio, 

but results were reported in a qualitative way. Yang et al. measured the dichroic ratio 

for a band 2928 cm,l of stearic acid adsorbed from CCl4 on alumina. The observed 

value of 1.62 was roughly in the middle range of two limiting cases given by Eq. (41), 

and it was suggested that the chains are partially oriented on alumina surface. 127 

Unfortunately. the alumina IRE was removed from the stearic acid solution after 
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equilibrium adsorption had occurred to remove adhering solution, and therefore the 

spatial orientation may not have the same value as when alumina was in surfactant 

containing solutions. In the case of germanium, the observed dichroic ratio of 0.562 

was close to the value for random orientation, and it was concluded that the adsorbed 

molecules were orientaed randomely on the germanium surface. Another prior 

orientation study also measured dichroic ratio to determine the spatial orientation of 

stearic acid monolayer formed by Langmuir-Blodgett method on an alumina surface and 

concluded that adsorbed molecules are nearly normal to the alumina surface from a 

comparison of the observed linear dichroic ratio and the calculated ratio. 128 

In this research, dichroic ratio was applied to determine the spatial molecular 

orientation in a quantitative way. When the alkyl chains are all aligned with one-

another and inclined to the z-axis at an angle of p, CHz and CH3 (branched) groups in 

the chains have a z vibration component in addition to x and y vibrational components. 

If the surface is covered by various patches of surfactant molecules, each patch with a 

different x-y orientation but with equal tilt angles from the z axis, the transition moment 

in the x and y directions will be equal. The LD ratio for aligned chains can be obtained 

using components of absorption coefficient k and order parameter S: 129 

AJ. 
LDaligned = 

Ai 

<E2> k 
y y (45) 
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In the Eq. (45), kx' ky and kz are the components of the absorption coefficient in the x, 

y and z direction, respectively, and given by kx = ky = K [(sin2a/2)+(l-S)/3], kz = K 

[cos2a+(l-S)/3] and S = [(3cos2P-l)/2], where K is a constant, a is the angle between 

the chain director and transition moment direction of C-H groups, p is the angle 

between orientation of chain (director) and z direction. With an assumption of 90° of 

a, Eq. 43 reduces to an expression for the LD ratio for the aligned chains as follows; 

LDaligned (46) 

This equation can be solved for the tilt angle p with values of the measured linear 

dichroic ratio and the calculated squared electric amplitudes in the x. y and z directions. 



CHAPTER 5 

RESULTS AND DISCUSSION 

5.1 Characterization of Poly(ether)urethane 

5.1.1 Infrared Analysis 
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The chemical structures of biomedical grade poly(ether)urethanes were analyzed 

by ATR FT-IR technique. A comparison of the ATR FT-IR spectra of solution cast 

Pellethane and Biomer is shown in Fig. 5.1. The assignments of some of the major 

peaks observed in the range of 1800 to 800 cm,l for Pellethane are given in Table 

5.1. 130•131 The peaks found at 1111 cm,l and 1731 cm,l arising from soft and hard 

segments, respectively, were used for the measurement of the ratio of soft to hard 

segment concentration. 132 A peak at 1636 cm,l was observed only in the Biomer 

spectrum. This is ascribable to the stretching vibration of urea carbonyl formed from 

the use of diamine as the chain extender. The band at 1731 cm,l arises from the free 

(nonhydrogen bonded) urethane carbonyls, while the band at 1703 cm,l is derived from 

the portion of urethane carbonyls in the hydrogen-bonded state. 133 The peak intensity 

ratio of 1703 cm,111731 cm,l was 1.51 for Pellethane and 0.83 for Biomer. Thus, 

Pellethane appears to contain a higher fraction of carbonyl in the hydrogen-bonded state 

in the urethane group. If the additional hydrogen bonding of carbonyl group with 

hydrogen in the urea group (peak at 1636 cm'l) of Biomer is considered. the peak 
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intensity was found to be 1.73 for Biomer. It shows that Biomer has a higher hydrogen 

bonding ratio than Pellethane. 

Table 5.1, Assignments of IR Peaks of Pellethane 

Peak VVavenumber Peak Assignments 
(cm· l ) 

1731 free c=o stretching in urethane 

1703 stretching of C=O (hydrogen bonded) in urethane 

1598 stretching of C=C in phenyl ring 

1536 stretching of C-N and bending of N-H 

1479 deformation of CH2 

1415 stretching of C-C in phenyl ring 

1368 wegging of CH2 

1311 Stretching of C-N and bending of N-H 

1230 " " 

1111 -C-O-C- asymmetric stretching in polyol (CH2-O- CH2) 

1082 -C-O-C stretching in hard segment (-(C=O)OC-) 

1019 in-plane C-H bending in phenyl ring 

818 out-of-plane C-H bending in phenyl ring 

772 out-of-plane -O-CO- bending 



5.1.2 Zeta Potential Results 

5.1.2.1 Isoelectric Points 
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The zeta potential of ground Pellethane 90A powder obtained by an 

electrophoresis method in DI water and in 0.002 M NaCl solution adjusted to different 

pH values with NaOH and HCI is plotted in Fig. 5.2. The isoelectric point (lEP) of 

ground powder of Pellethane 2363-90A occurred at a pH of about 5. The existence of 

an isoelectric point is perhaps due to the presence of both -NH and -COO groups in its 

structure. At the physiological pH of 7 - 7.2, the Pellethane is characterized by a zeta 

potential of approximately -30 m V. 

Fig. 5.3 shows zeta potentials obtained by streaming potential measurement for 

the air facing side of cast Pellethane and Siomer films as a function of pH in solutions 

of KCl, K2HP04 and CaCI2 of the same ionic strength. The zeta potential curves 

exhibit a common intersection point. Thus, the specific ion adsorption does not exist in 

this system. The IEP of the cast Pellethane was measured to be about 4.3 which is less 

than the value measured by an electrophoresis method. Previous studies using ESCA 

and FT-IR have shown that different surface compositions between the air facing side 

and the mold facing side of polyurethane with the air facing side having a higher 

concentration of soft segment. 134.135.136 The lower IEP of cast Pellethane may be 

due to the surface enrichment of soft segment blocks terminating in COO· group. The 

IEP of Siomer was found to be 5.3 as shown in Fig. 5.3 (b). This higher IEP of 

Siomer compared to that of Pelle thane is ascribable to a higher fraction of NH group 
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in Biomer. 

5.1.2.2 Zeta Potential in Albumin containing Solutions 

As mentioned previously, albumin treated polyurethane surfaces have been found 

to be less thrombogenic than Ulunodified surface. In order to understand the nature of 

albumin interaction with Pellethane, the zeta potential of Pellethane was measured using 

an electrophoresis method at different albumin concentrations up to a value of 10 gil 

as shown in Fig. 5.4. It should be noted that the highest albumin concentration 

investigated was still considerably smaller than the plasma albumin concentration of 45 

gil. At a pH of 7, the zeta potential of Pellethane becomes slightly more negative in 

very dilute albumin solutions. but becomes less negative as albumin solution 

concentration is increased. Interestingly at pH=4. the zeta potential of Pellethane 

becomes slightly more positive at low albumin concentrations, but a decreasing trend 

is observed at higher concentrations. Recollecting that the IEP of albumin occurs at 

4.7, the slight increase in positive and negative values at pH values of 4 and 7, 

respectively. can be explained as due to the adsorption of positively and negatively 

charged albumin molecules. The initial attachment of albumin may very well be 

controlled by hydrophobic bond formation. The decrease in zeta potential values at 

higher albumin concentrations can be attributed to the displacement of the shear layer 

at higher adsorption densities and to the increased ionic strength. It has already been 

pointed out that the albumin molecules are about 140 A long. In order to ascertain the 
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Effect of albumin concentration on the zeta potential of Pellethane at pH 
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extent of ionic strength increase due to albumin addition, the conductivity of the 

albumin solution was measured at a pH=7, and the data are also plotted in Fig. 5.4. In 

the concentration range investigated, the specific conductance of albumin solutions 

increases linerly with albumin concentration which indicates that the ionic strength of 

albumin solutions increase with albumin concentration. 
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5.2 Albumin Adsorption Measurement 

5.2.1 Determination of ATR System Parameters 

The terms in the formula for adsorption density calculation using ATR method 

such as effective depth and penetration depth depend on the relative indices of 

refraction and incidence angle in the A TR system. IRE materials with a high index of 

refraction, e.g., germanium (n)=4.2), have been used previously in the studies of protein 

adsorption in an uncoated IRE system to decrease dp and to minimize the contribution 

of the bulk solution to total spectral peak area. For a coated system, it is necessary to 

have sufficient evanescent \vave intensity beyond the coating layer to allow detection 

of adsorbed species. Thus. an IRE with a somewhat lower index of refraction, e.g., 

ZnSe (n)=2.4), was chosen for the investigation of a polymer coated IRE system. 

As described earlier. the calculation of adsorption density requires the values of 

I1 j • Es, N, e, de and dp' The index of refraction of ZnSe and water at a wavelength of 

1546 cm') (corresponding to amide II peak) was used in the calculation of adsorption 

density. For the polyurethane film, the index of refraction was taken to be 1.55.137 

Fig. 5.5 shows transmission spectra of albumin solutions at different pH values for the 

calculation of adsorptivity, Es' The amide I, II and III bands are found in the regions 

of 1700 - 1600 cm'), and 1600 - 1480 cm') and 1350 - 1200 cm'), respectively. The 

spectral areas of amide I and III were changed with pH values due to chain 

conformation change. The spectral area of the amide II band. unlike that of the amide 

I or Ill, was constant and independent of pH. Hence the amide II band area was used 
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for the calculation of absorptivity of albumin solution. The molar absorptivity (Es) of 

albumin was calculated to be 4.654x106 IImole-cm 2 by means of a circular transmission 

celI using the spectral area of the amide II band from Eq. (30). 

By the iteration procedure described earlier in Fig. 4.2, the values of 49.5° and 

19.6 were obtained for the incidence angle (8) and number of reflection (N), 

respectively. Since the experimental solution contacted only one side of the IRE 

crystal, the number of solution sensing reflections was taken to be half the N value (i.e .. 

9.8) in the calculation of adsorption density values. 

Fig. 5.6 shows wavelength dependence of the effective depth and penetration 

depth. For a coated system. at the wavelength of the amide II peak region, de and dp 

are 1.21 ) . .lIn and 0.81 ) .. lIn from the IRE/solution interface, respectively. For the coated 

system. de and dp are 0.51 ).1m and 0.34 ).1m from the polymer layer/solution interface, 

respectively. It will be shown later that the thickness of the adsorbed protein layer is 

much less than de and dp' Thus, evanescent wave of IR beam can interact with 

adsorbed layer and also species in bulk solution. 

5.2.2 Determination of Adsorption Density 

Fig. 5.7 shows A TR FT -IR spectra collected after flowing albumin solutions of 

different concentrations at pH = 7 for 30 min. In each case, adsorption seemed to reach 

a maximum within a few minutes. Such fast kinetics of adsorption have been observed 

by other researchers. 138.139 The adsorption density of albumin was calculated from 
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Eqs. (20) and (3 I) using the peak areas based on the amide II region. and the results 

are shown in Fig. 5.8. In the calculations, the refractive index of albumin solutions was 

assumed to be the same as that of water. It was found that the bulk solution 

contribution (first term on the right side of Eq. (20) and (3 I)) to the total adsorption 

density was less than I % in the entire solution concentration range investigated. As can 

be noted from Fig. 5.8, the adsorption density changed linearly with concentration. 

This is in contrast to the Langmuir type adsorption behavior observed using low 

concentration of radiolabeled proteins (::::: 0.6 g/l).'40 

5.2.3 Effect of Substrate on Adsorption 

At the physiological concentration of albumin (45 gil), adsorption densities of 

2.4 ).tg/cm2 and 3.9 ).tg/cm2 were obtained for different substrata, ZnSe and 

polyurethane, respectively. These adsorption densities indicate a multilayer adsorption 

of about 0.05 ).tm and 0.08 ~lm in thickness. corresponding to I I and 19 layers of 

albumin molecules which are ellipsoidal in shape (l40A x 40A x 40 A). A comparison 

of the value of the thickness of the adsorbed layer to ~ and de values shown in Fig. 5.6 

clearly shows that the adsorbed layer is much thinner than the depth of penetration. 

More albumin was adsorbed on the polyurethane surface than on the ZnSe 

surface. This may be due to a difference in the wettability of the two surfaces. In order 

to characterize the wettability of these surfaces, advancing and receding contact angles 

of water on ZnSe and polyurethane were measured. On ZnSe, advancing and receding 
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contact angles were 82.8°±4° and 35.0o±1. r, respectively. On polyurethane, the 

advancing angle was 98.4°±2.2°, but the receding angle (68.4°±1.7°) was significantly 

higher than that on ZnSe. Thus, it appears that ZnSe is less hydrophobic than 

polyurethane. Similar results of wettability dependence of protein (i.e., fibronectin) 

adsorption were noted for silica slides prepared as hydrophobic and hydrophilic 

surfaces. 141 

5.2.4 Effect of pH on Adsorption 

The effect of pH on the adsorption density of albumin and its conformation in 

the adsorbed layer are shown in Fig. 5.9 for a 45 gil solution. At pH=7 and 11, the 

carboxylate band at 1401 cm"1 is clearly visible. but at pH=3. due to the protonation of 

the COO" group. this band disappears.'4~ At pH=3, a peak at 1715 cm"1 appears, 

which is assignable to the carbonyl stretching vibration of the COOH group. The peak 

at 1456 cm"l, assigned to CH2 and CH] deformation modes, is present at all pH values. 

From the presence of a peak at 1242 cm"l, it may be concluded that albumin adsorbed 

from a solution of pH=3 is present mostly in the ~-sheet structure. In contrast, albumin 

adsorbed from solution at pH=7 or 11 is present in both a-helix and ~-sheet structural 

forms. These A TR spectra of the adsorbed albumin are comparable to bulk solution 

spectra (Fig. 5.5) obtained with a transmission method except for the shape of amide 

III peak at pH=3. 

The adsorption density was also dependent on the pH of albumin solution. As 
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shown in Fig. 5. I 0, a maximum adsorption of 2.4 and 3.9 J.lg/cm 2 was measured for 

ZnSe and polyurethane, respectively, from an albumin solution of 45 gil maintained at 

a pH of 7. Adsorption densities onto polyurethane decreased to 1.9 and 3.5 J.lg/cm2 at 

pH=3 and I I, respectively. Since pH affects protein conformation, it appears that the 

adsorption of protein on both ZnSe and polyurethane is less favorable when albumin 

is in the p-sheet form. 

5.2.5 Analytical Errors in Adsorption Density Determination 

Analytical errors in the calculation of adsorption density may arise from the 

uncertainty in one or more of the following factors; (I) polarization ratio (PR). (2) 

index of refraction of the coated layer (n~) and (3) thickness of a polymer coated layer. 

Calculations were made to check how changes in these three factors would affect 

adsorption density. In these calculations, PR, n2 and thickness of a polymer coated 

layer were varied between 0.6 and 1.0, 1.5 and 1.6 and 0.3 J.lm and 0.5 J.lm. 

respectively. The results of these calculations are shown in Fig. 5. I I. It may be seen 

that the adsorption density values are less sensitive to PR as compared to n2 or 

thickness of a polymer coated layer. Considering the possible cumulative errors, it can 

be said that the adsorption density of albumin under physiological condition is 3.9±0.9 

J.lg/cm2
• 
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5.3 Interaction of Phosphate Ester Surfactant (GAFAC RE 610) with Alumina 

5.3.1 Analysis of Ester Content of RE 610 

Phosphate ester surfactants are prepared by reaction between phosphoric acid and 

alcohols and often contain mixtures of monoester and diester. The relative amount of 

mono and diester in RE 610 was calculated from the inflection points in the titration 

curve (points A and B in Fig. 5.12). The monoester has two titrable protons, while the 

diester has only one titrable proton. It can be easily shown that the number of moles 

of the monoester would correspond to the value "B-A", and the number of moles of 

diester would be given by "2A_B".143 Using this procedure, RE 610 was found to 

contain approximately 75 % monoester and 25 % diester. 

5.3.2 Determination of A TR System Parameters 

Since alumina IRE strongly absorbs infrared radiation at wavenumbers less than 

2800 cm- I
, the adsorption density calculations were based on the integrated spectral 

absorbance of aliphatic CH stretching region (3000-2800 cm- I
) instead of phosphate 

region (1242-1037 cm- I ).144 In the calculation of adsorption density, indices of 

refraction of 1.7 and 1.25 were used for alumina and D20. 145 

Fig. 5.13 shows time dependent aliphatic stretching region of ATR FT-IR spectra 

of adsorbed surfactant on the surface of alumina for a 100 ppm surfactant solution at 

pH=7.0±0.2. The peak area in the 3000-2800 cm- I region was used to calculate the 

adsorption density as a function of time from Eg. (20), and this is shown in Fig. 5.14. 
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As may be noticed from this figure, the surfactant exhibited a rapid adsorption kinetics 

in the first 30 min and adsorbed slowly thereafter. Equilibrium was reached within 1 

hr. 

5.3.3 Adsorption Isotherm 

The adsorption density of RE 610 onto alumina at a pH of 7.0±0.2 is shown in 

Fig. 5.15. The relative contribution of the bulk solution to total spectral absorbance was 

estimated by the first term on the right hand side of Eq. (20). It was calculated that the 

bulk solution contribution is 5% of total spectral absorbance for a 1000 ppm solution, 

but less than 1 % for the 0.0 1 ppm solution. The adsorption isotherm consists of three 

distinct regions: In region I, the adsorption density increases slightly with solution 

concentration, while in region II, the adsorption density increases sharply with 

concentration and reaches a maximum value of 0.63 ~lg/cm~. This maximum adsorption 

density could correspond to 1.2 adsorption layer with the assumption of molecular cross 

sectional area of 30 (Af In region III, the adsorption density decreases slightly, and 

this decrease may be due to the micelle formation. The critical micelle concentration 

(CMC) of the surfactant used in this investigation was measured to be 100 ppm from 

surface tension and turbidity measurements. A similar result of decrease in adsorption 

density \vas also observed by Miller et al. 146 It has been reported that at high 

concentrations, the formation of micelle may inhibit or limit surfactant aggregation onto 

the surface. 
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The adsorption isotherm of RE 610 on alumina is shown in Fig. 5.16 as a 

function of pH at different concentrations of surfactant. Surfactant adsorption density 

decreases as the pH increases, which is a characteristic of the adsorption of an anionic 

surfactant. Surfactant adsorption continues to occur even at solution pH values greater 

than the IEP of a-alumina. This appears to indicate specific adsorption of phosphate 

surfactant onto alumina. 

5.3.4 Zeta Potential and Contact Angle Measurements 

The zeta potential values of alumina particles are shown in Fig. 5.17 as a 

function of solution pH. The measurements were made in solutions containing different 

amounts of RE 610. As may be seen from this figure, the isoelectric point of alumina 

occurred at a pH value of 8.2. As the solution concentration of RE 610 increased, the 

pH value at which zeta potential reversed decreased. This decrease in pH value at 

which zeta potential reversal occurs (PZR) with increasing RE 610 concentration 

indicates that the phosphate ester surfactant exhibits specific adsorption at 

alumina/aqueous solution interface. When solution concentration was increased to 10 

ppm, particles exhibited negative zeta potential in the entire pH range investigated. 

The adsorption density, zeta potential and contact angle values are plotted in Fig. 

5.18 as a function of solution concentration of RE 610. The solution concentration at 

which the adsorption density shows a sharp increase seems to roughly correlate with 

solution concentration at which contact angle becomes nonzero. The zeta potential 
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reversal also appears to correlate with the onset of a sharp increase of adsorption 

density. It may be concluded that solution concentrations less than 1 ppm, phosphate 

ions in solution (Fig. 5.19 (a) adsorb as counter ions (Fig. 5.19 (b», and that the 

formation of he mimi celie (Fig. 5.19 (c» occurs roughly around a solution concentration 

of 1 ppm. The decrease in "cos 8" value at about 10 ppm perhaps indicates the 

formation of a second layer as a form of admicelle (Fig. 5.19 (d». 

When the zeta potential is zero, the free energy for adsorption, ~Gadso, consists 

only of specific adsorption free energy, ~Gspco. This free energy can be obtained using 

the Stern-Grahame equation (Eqs. (13) or (14» assuming the ionic radius of 3 A, and 

the value of ~Gspcn was calculated to be 9 Kcallmole. This value of ~Gspcn indicates 

chemisorption of phosphate ester onto alumina. A prevIOus study elucidated 

chemisorption of phosphate ester dispersant on alumina usmg a flow 

microcalorimeter. I
•
17 

5.3.5. Analysis of the Orientation of Adsorbed Layer by Dichroism Measurement 

Fig. 5.20 shows ATR FT-IR spectra obtained using perpendicular and parallel 

polarized IR beams for a 100 ppm RE 610 surfactant solution. The peaks in the spectra 

were analyzed by a curve fitting method. Symmetrical and asymmetrical CH stretching 

subpeaks in the aliphatic region were observed in the vicinity of 2957.6, 2929.1, 2910.9 

and 2875.7 cm- I as vas/-CH3-), vas/-CH 2-), v(-CH-) and vsym(-CH3-), respectively. 

Spectra obtained using parallel and perpendicular polarized beams were characterized 
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Fig. 5.19, Schematic sketch of surfactant molecules behavior. (a) individual 
molecules in solution, (b) adsorption as a counter ions, (c) hemicelle 
formation on alumina surface, (d) admicelle formation on alumina surface, 
and (e) micelle formation in solution. 
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Fig. 5.20, ATR FT -IR spectra obtained by (1) parallel and (2) perpendicular polarized 
IR beams. 
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by different spectral peak areas, and Table 5.2 shows the LD ratio, A.i/AII' for the entire 

aliphatic region. The averaged parallel to perpendicular absorbance ratios, A.il A II' for 

the aliphatic region are 0.63 and 0.66 for 50 ppm and 100 ppm solutions, respectively, 

and these values are higher than the ratio for random orientation and less than the ratio 

for perpendicular orientation given by Eq. (44). Thus, the measured values indicate 

chain orientations are neither completely random nor perpendicular as discussed earlier. 

The tilt angle cp) obtained from Eq. (44) for each of the subpeaks at 50 ppm and 100 

ppm are also presented in Table 5.2. The average tilting angles were 42.5° and 40.r, 

respectively, for these solution concentrations. These values indicate the first adsorption 

layer cannot be formed as a compacted monolayer and the second adsorption layer can 

be formed before monolayer adsorption density is reached. 

Table 5.2. Linear Dichroism for RE-61O Surfactant Adsorbed on Alumina. 

Band 2875.7 2910.9 2929. I 2957.6 Average 
Center 

50 ppm 

LD 0.5945 0.5925 0.6912 0.6480 0.6316 

P 44.39 44.81 38.97 41.81 42.50 

100 ppm 

LD 0.6419 0.7504 0.7541 0.6300 0.6617 

P 41.37 43.0 35.52 42.92 40.70 
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5.4 Wettability of Silicon Wafers 

5.4.1 Surfactants in alkaline Solutions 

5.4.1.1 Characterization of Nonionic Surfactants 

The HLB numbers were calculated using Eq. (8) for the evaluation of 

hydrophilicity of nonionic surfactants used in this experiment. The HLB numbers were 

in the range of 10 to 17, and as the chain length of EO group is increased, the HLB 

number increased as shown in Table 5.3. 

Table 5.3. HLB Numbers of Nonionic Surfactants 

I Surfactants I Structure 
. 

I HLB Number I 
Octylphenol n = 5 10.2 
polyethylene 

n = 9.5 13.3 oxide 
n = 15 15.1 

n = 30 17.2 

Nonylphenol n = 5 9.9 
polyethylene 

oxide n = 9.5 13.1 

Polyoxyethy lene C12(EO)IO 14.1 
alcohol 

CI6(EO)IO 12.9 

CI6(EO)20 15.7 

* Refer to Fig. 3.7 
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The surface tension of PEO based nonionic surfactants used for experiments is 

shown in Fig. 5.21. Surface tension was affected by type and length of the hydrophobic 

group and length of the ethylene oxide (EO) chain. Surfactant with short alkyl chains 

and short EO chains (Le., CiEO)2) did not exhibit surface activity. Nonylphenol PEO 

surfactant containing linear alkyl chains exhibited a lower CMC than the branched 

octylphenol PEO surfactant. Short chain length of EO (Le., octylphenol PEO, n=5) or 

long alkyl chain PEO (Le., C'6(EO),o) surfactants limited solubility in aqueous alkaline 

solutions. For a given alkyl chain length (i.e., octylphenol PEO), as the chain length 

of EO increased, the surface tension and CMC were increased. 

5.4.1.2 AdsorptionlDesorption Measurement 

The adsorption behavior of polyethylene oxide (PEO) based nonionic surfactants 

onto silicon from alkaline solutions was also analyzed using an ATR FT -IR technique. 

The adsorption density was calculated from spectral absorbance of the aliphatic CH 

stretching region. The factors required for calculation of adsorption density were 

obtained by methods described earlier. 

Fig. 5.22 shows concentration dependent ATR FT -IR spectra in the aliphatic CH 

stretching region collected for octylphenol PEO (n=9.5) solutions in the concentration 

range of 1 to 500 ppm after 30 min. The peak areas in 2963 - 2850 cm-' region were 

used to calculate the adsorption density as a function of concentration which are shown 

in Fig. 5.23. The adsorption isotherms exhibit three distinct different slope regions as 
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discussed in section 2.3.2.4. All surfactants showed maximum adsorption around the 

CMC. The values of adsorption density at the CMC, 0.13x1O-3 IlMlcm2 for octylphenol 

PEO and 0.19x 10-3 11 Mlc m2 for nonylpheno PE~, indicate roughly 114 of vertical 

monolayer assuming a cross sectional area of 20 A 2 for nonylphenol PEO and 33 A 2 for 

octylphenol PE~. As shown in Fig. 5.23 (a), the linear nonylphenol PEO surfactant 

adsorbed more compared to the branched octylphenol PE~, even though both 

surfactants have nearly the same values of HLB numbers. It may be due to different 

cross sectional areas of surfactants. Fig. 5.23 (b) shows the effects of EO chain and 

alkyl chain length. For surfactants of the same alkyl chain length, increasing the EO 

chain length (higher HLB number) resulted in a decrease in adsorption density, and for 

a given EO chain length. an increase in alkyl chain length (lower HLB number) 

increased the surfactant adsorption density. It may be due to higher hydrophobic 

bonding between alkyl chains. 

The chain orientation of adsorbed molecules on silicon surface was analyzed for 

the C 16(EO)1U surfactant. Fig. 5.24 shows spectra obtained using perpendicular and 

parallel polarized IR beams for 200 ppm of C ,6(EO)lo. The average tilting angle of 

37.1° was obtained from Eq. (46). The measured angle indicates molecular chains are 

not perpendicular as proposed in Sec. 2.3.2.4, and a vertical one monolayer cannot be 

formed because of tilted orientation of adsorbed molecules. 

In \vet processing of silicon, residual surfactant is an organic contaminant which 

needs to be removed. Hence, desorption experiments were performed to investigate the 
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280J 

Wavenumber, cm-1 

Fig. 5.24, ATR FT -IR spectra of C I6(EO)IO obtained by parallel (D) and perpendicular 
(.) polarized IR beams. ( ----- curves represent subpeaks of spectrum 
obtained by perpendicular polarized IR beam) 
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removal of adsorbed surfactants on silicon surface. Fig. 5.25 shows the spectra 

collected during flowing D20 past a silicon IRE which was exposed to a a 200 ppm 

solution of octylphenol PEO (n=9.5) for 30 min. From the spectra shown in Fig. 5.25, 

the amount of surfactant that remained on silicon surface was calculated as a function 

of washing (flowing) time and is shown in Fig. 5.26. Desorption data for other selected 

surfactants are also shown in Fig. 5.26. The linear nonylphenol surfactant desorbed 

more easily as compared to the branched chain octylphenol surfactant, even though both 

surfactants have almost the same HLB number. For surfactants of the same alkyl chain 

length, longer PEO chains resulted in a better removal. For a given EO chain length, 

the surfactant with a shorter alkyl chain length was more easily removed. It may be 

concluded that for PEO based non ionic surfactants, the relative length of hydrophobic 

chain and hydrophilic chain as well as branching of alkyl chain are important factors 

in the adsorption/desorption phenomena of nonionic surfactants. 

5.4.1.3 Wettability Results 

Contact angles of nonionic surfactant solutions on silicon were measured to 

evaluate the change in wettability of solutions. As shown in Fig. 5.27, for an 

octylphenol PEO (n=9.5) surfactant, silicon was completely wetted at CMC in the first 

immersionlemersion cycle, and for C,iPE)lo and nonylphenol PEO (n=9.5) surfactants, 

silicon was completely wetted in the second cycle. Upon comparison of data in Fig. 

5.27 (a), (b) and (c), it may be concluded that a surfactant with branched alkyl chain 
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is more effective in rendering silicon more wettable than a linear alkyl chain surfactant. 

Limited experiments were carried out with the commercially available electronic 

grade surfactant, NCW-601A. As shown in Fig. 5.28, the surface tension (39 

dynes/cm) of NCW 601A was not very low as compared to those of PEO based 

nonionic surfactants and CMC was found to be 150 ppm. In NCW 601A solutions. 

silicon exhibited poor wetting in the first immersionlemersion cycle of the contact angle 

measurement, but in the second cycle, at concentrations greater than 20 ppm. complete 

wetting occurred. 

5.4.1.4 Surfactant Removal with Ozonized DI Water 

Table 5.4 shows contact angles of solutions on silicon samples prepared by 

different cleaning procedures. BOE cleaned silicon [sample (2)] was completely wetted 

in surfactant (octylphenol PE~, n=9.5) containing solution. When sample (2) was 

washed in flowing DI water [sample (3)], it became more hydrophobic indicating 

removal of adsorbed surfactant. However, the contact angle values did not revert to 

those that are characteristic of the etched hydrophobic bare silicon wafer [sample (1)]. 

This indicates the presence of residual surfactant after DI water washing. Sample (4), 

which is sample (3) dipped in ozonized DI water, exhibited contact angles of the order 

of 200
, characteristic of a hydrophilic surface. This is not surprising in the light of 

literature data which reveals that an oxide layer of loA thickness is formed in about 

10 min in ozonated (2 ppm) water. 148 When sample (4) was etched in BOE solution 



80r-------~================~ 120 

E 
Q. 

70 

~ 60 -
c: 
>-
"0 

c: 

at pH = 9,5 
---- Surface Tension 

1st Cycle: •.....• Advancing Angle 
o v Receding Angle 

2nd Cycle: • - - - ... Advancing Angle - 100 
.,. - - -..:. Receding Angle 

..•... 
.... 

'. 

80 

.. ~ 

CIJ 
Q) 

~ 
C> 
CD 
Cl 
af o 

'00 50 60 OJ 

c: 
~ .............. 
Q) 
() .g 40 '.:-.-

\ 
\ 

____ ...... 40 

::J 
Cf) 

30 

'. \ 

..... ,,-:~ .... ~\ 
~"' ... ' ,-~ 

- -· .. ·;..·~·~~ ... \.\-· .. ·.;::~· .. ·G.l.,.,~i~::·.':';i; .. ,.g.-- 20 
\ 

\ 
\ 

\ 

\ 

20 L-~~--~~~--~~·~\~~~~~~O 
0,03 0,1 1 10 100 500 

Concentration I ppm 

~ 

E c: 
o 
() 

Fig, 5,28, Contact angles of NCW-601A surfactant solutions on silicon 

173 



174 

Table 5.4, Comparisons of Contact Angles of Solutions on Silicon Wafers 
prepared by Different Cleaning Procedures. 

Sample Cleaning Procedures Contact Contact Angles (deg.) 
No. angle 

1 st cycle 2nd cycle measuring 
media 8Adv 8Rcc 8Ad, 8Rcc 

(1) PiranhaiBOE DI water 92 63 87 57 

(2) PiranhaiBOE Surfactant 0 17 0 18 
solution

04 

(3) PiranhaiBO E/S urfactant DI water 68 43 60 40 
solutionOl/DI water 

(4) PiranhaiBOE/Surfactant DI water 23 13 24 13 
solutionOl/DI waterO~ 
IOzonized DI water') 
IDI water02 

(5) PiranhaiBOE/Surfactant DI water 91 58 85 55 
solutionOl/DI water 02 

IOzonized DI water 03 

IDI water02 IBOE/DI water02 

(6) PiranhaiBOE/Surfactant DI water 91 62 86 59 
solutionOl/PiranhaiBOE 
IDI water 

(7) PiranhaiBO E/Surf actant DI water 93 63 88 60 
solutionOl/DI water 02 

IH20 2 solution 0 5/01 water o~ 
IBOE/DI waterO~ 

(8) PiranhaiBOE/Surfactant DI water 57 26 54 25 
solutionOl/DI water 02 

IH20~ solution 05/01 water 02 

(9) PiranhaiBOE/Surfactant DI water 38 20 34 19 
solutionOl/DI water 02 

IH20 2 solution06 /01 water'2 

( contmued to p . 175 ) 
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(continued from Table 5.4) 
* 1 two cycling immersionlemersion in a 200 ppm surfactant (octylphenol PEO, 

n=9.5) containing solution. 
*2 washing in flowing DI water for 1 min. 
*3 dipping in aqueous ozone (2 ppm 03) for 10 min at room temperature. 
*4 200 ppm octylphenol PEO (n=9.5) 
*5 in 30 % H20 2 solution for 1 min at room temperature. 
*6 in 30 % H20 2 solution for 5 min at room temperature. 

solution [sample (5)], the contact angles recovered to values for the original 

hydrophobic silicon wafer [sample (l )]. Silicon \\lafers exposed to surfactant containing 

solution and then cleaned in piranha solution [sample (6)] or in 30% H20 2 solution 

[sample (7)] followed by BOE etching also showed contact angles close to those of 

sample (1). It indicates that cleaning in piranha solution at high temperature or HZ02 

solution at room temperature were also effective to remove the residual adsorbed 

surfactant after washing with flowing DI water. Samples (8) and (9) exposed to H20 2 

solution for I and 5 min, respectively. appear to suffer some oxidation. 

Fig. 5.29 shows carbon Is peaks in the ESCA spectra of samples (3), (5) and 

sample (3) prior to a 01 water rinsing. For sample (3) prior to a DI water rinse. two 

Cis peaks, one at 284.6 eV and the other at 286.2 eV, were observed. In the case of 

sample 3, two peaks were also observed, but the intensity of the peak at 286.6 eV was 

decreased. Thus, this peak arose from the adsorbed surfactant molecules. For sample 

(5), the subpeak at 286.2 eV disappeared. These results along with contact angle data 

indicate that cleaning with ozonized DI water can remove surfactant adsorbed on silicon 

surfaces. 



176 

Fig. 5.30 shows silicon 2p peak in the ESCA spectra for samples (4) and (5). 

The Si2p peak at 103.4 eV due to Si02 may be seen in sample (4). When sample (4) 

was etched with BOE [sample (5)], this peak disappeared and only a peak at 99.2 eV, 

characteristic of Si was seen. Thus, it appears that surfactant is removed by ozonized 

DI water, a BOE etch is required to remove oxide layer formed during cleaning. 

5.4.1.5 AFM Analysis 

The effect of surfactants in alkaline solution on the surface roughness of silicon 

was investigated by atomic force microscopy. Fig. 5.31 (a), (b) and (c) show AFM 

surface micrographs of polished. DI water (pH=9.5 for 10 min) conditioned and 

surfactant (octylphenol PEO (n=9.5), 50 ppm) containing solution (pH=9.5 for 10 min) 

conditioned silicon samples. The values of peak-to-valley (~.J and root-mean-square 

(~ms) for surface roughness are shown in Table 5.5. The addition of surfactant (50 

ppm) into DI water resulted in a very smooth surface. It may be due to retardation of 

etch rate by adsorbed surfactant. 

I 

Table 5.5. Values of Peak-Valley and Root-Mean-Square 
of Silicon Surface treated in Different conditions. 

Condition I ~\' (nm) I ~s (nm) 

Polished 3.84 0.46 

DI Water (pH=9.5, 10 min) 22.02 2.37 

Surfactant solution 5.27 0.66 
(pH=9.5, 10 min) 

I 
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Binding Energy (cU) 

Fig. 5.29, Carbon 1 s peaks in the ESCA spectra of silicon samples cleaned in 
different procedures. (a) sample not washed after exposing surfactant 
containing solution, (b) sample (3) and (c) sample (5). 
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(a) 

(b) 

l0S 9'5' 
Binding Energy (eV) 

Fig. 5.30, ESCA spectra of Si2P on the surfaces of (a) sample (4) and (b) sample (5). 
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(a) 

(b) 

(c) 

Fig. 5.31, ATM micrographs of silicon surface. (a) polished, (b) conditioned in DI 
water pH adjusted to 9.5 for 10 min and (c) conditioned in surfactant 
containing solution at pH=9.5 for 10 min. 
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5.4.2 Surfactant in BOE 

BOE solutions prepared by mixing 49% HF and 40% NH4F exhibit high surface 

tension values and high contact angles on a bare silicon surface as shown in Table 5.6. 

Thus, surfactants are added into BOE for the reduction of surface tension as well as to 

improve wettability of silicon. 

Table 5.6, Surface Tension of Various Concentration of BOE 
and Contact Angles on Bare n( 1 00) Silicon Wafer. 

Composition (%) Surface Contact Angles 
(Volume Ratio) Tension (degree) 

NH4F' HF' 
(dynes/cm) °Ad\ °Rcc 

100 - 94.5 99.5 84.2 

99 1 93.6 97.1 83.5 

97.5 2.5 92.6 93.4 82.9 

95 5 90.9 88.6 81.1 

90 10 88.4 88.1 81.3 

85 15 84.2 87.4 79.3 

- 100 52.3 83.2 58.7 

* 40% NH4F, 49% HF 

Surfactant containing BOEs obtained from three vendors were characterized by 

measurements of surface tension and contact angles on silicon. As shown in Table 5.7, 
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these BOEs exhibited different values of surface tension and contact angles on silicon. 

Table 5.7 Surface Tension of Surfactant containing Commercial BOEs 
and Contact Angles on Bare n(100) Silicon Wafer. 

Contact Angles, degree 
BOE Surface 

in BOE after washing 
. 

Vendor Tension, 
dynes/cm in OJ Water 

1st Cycle 2nd Cycle eAd, eRec 

eAd, eRec eAd, eRec 

0 33.8 41.2 20.3 0 18 80.1 48.6 

U 30.3 54.7 41.8 58 43 95.2 66.3 

H 22.3 0 0 0 0 94.7 65.7 

* Washed by flowing OJ water for I min. after dipping in BOE for 5 mm. 

BOE supplied by Vendor "H" showed the lowest surface tension and complete 

wetting of silicon. Surface tension of BOE supplied by vendor "U" (BOE(U)) was 

slightly lower than that of BOE supplied by vendor "0" (BOE(O)). The contact angles 

of BOE(U) on silicon were higher than those of BOE(O) in the first immersion and 

emersion cycle, and silicon was not completely wetted even in the second immersion 

and emersion cycle in BOE(U). Silicon samples dipped in different BOEs were washed 

in flowing OJ water, and contact angles of water on these washed samples \vere 

measured to investigate the washing effect of the adsorbed surfactants. The contact 
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angles of DI water on the washed silicon samples after exposing to BOE(H) and 

BOE(U) were close to the values (8Adv:::,:94° and 8Rcc:::,:64°) of BOE etched hydrophobic 

bare silicon. This implies that the surfactant in BOE(H) and BOE(U) are easily 

removed. 

5.4.3 Wettability of Silicon by TMAH Solutions 

5.4.3.1 Wettability by Quaternary Ammonium Hydroxides (QAH) 

The characteristics of QAH solutions were investigated in terms of their ability 

to wet. The contact angles of silicon during multiple immersionlemersion cycles in 

TMAH (PFC-1-S) and choline solutions are shown in Fig. 5.32. The surface tensions 

of the solutions are also plotted in this figure. As may be noticed from Fig. 5.32 (a), 

the surface tension of TMAH solutions did not change much in the concentration range 

investigated. In contrast to TMAH, choline solutions appear to become surface active 

at concentration greater than 0.1 % as evidenced by the decrease in surface tension. 

In the first immersionlemersion cycle in the TMAH solution, the advancing 

angle of solutions remained quite large (80° - 90(l), however, the receding angles 

measured during the withdrawal of specimens were considerably lower (10° - 20°) in 

the entire concentration range investigated. Even though TMAH solutions have high 

surface tension values, in the second immersionlemersion cycle, the advancing angle 

decreased dramatically in solutions which contained about 0.3 % TMAH. Above a 

solution concentration of 0.5 % TMAH, the advancing angle was zero, indicating 
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complete wettability of wafer. Interestingly, the receding angles in the second cycle 

were about the same as the values measured in the first cycle, and they never reached 

zero. In choline solutions, complete wetting did not occur below 5 %. 

5.4.3.2 Wettability of Silicon in Surfactant containing TMAH Solutions 

The concentration of TMAH in the ANC-1, PFC-1 and PFC-1-S was determined 

to be approximately 1.5 % by the titration method. Since TMAH is a good etchant for 

silicon, commercially available TMAH solutions such as ANC-1 and PFC-1 contain a 

proprietary surfactant to reduce the etch rate. The surface tension of ANC-1 solutions 

is shown in Fig. 5.33 (a). The surface tension of water decreased on adding ANC-] 

into solution. At about 5 % ANC-l in water. surface tension decreased to 39 dynes/cm. 

Further addition of ANC-l into water did not decrease surface tension. This result 

indicates that the critical micelle concentration (CMC) of the surfactant used in ANC-] 

occurs at a ANC-l solution concentration in the vicinity of 5 %. It may be noted that 

in the absence of surfactant. PFC-I-S (TMAH) solutions had surface tension values 

close to that of water. 

The advancing and receding angles of ANC-l solutions on silicon during the 

first and second cycles are also plotted in Fig. 5.33 (a). The advancing angles in the 

first cycle decreased gradually as the ANC-1 concentration was increased. This is 

probably due to the preferential adsorption of surfactant at the silicon/solution interface. 

In the second cycle. the advancing angle showed a sharp decrease in the neighborhood 
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of 0.2 % ANC-l. At solution concentrations in excess of 5 %, the wafers were 

completely wetted. Similar to PFC-I-S, the receding angles of ANC-l solutions were 

the same in the first and second cycles and never reached zero even in the second cycle. 

The surface tension of PFC-l solutions and the contact angles of solutions on 

silicon are shown in Fig. 5.33 (b). In PFC-l solutions, the surface tension decreased 

almost linearly with the logarithm of solution concentration. Unlike ANC-l, the surface 

tension did not exhibit a plateau region at higher concentrations. There was also a 

difference in the surface tension of as-received PFC-l and ANC-l (34 dynes/em for 

PFC-l and 39 dynes/em for ANC-l). Since both solutions contain a proprietary 

surfactant, it is not easy to pinpoint the reasons for the difference in the surface tension 

behavior. It appears that there is a difference in both the extent and type of surfactant 

present in PFC-l and ANC-I. The contact angle dependence on solution concentration 

of PFC-I was similar to that of ANC-l. The main difference between the ANC-I and 

PFC-I solution is the concentration at which the second cycle advancing angle became 

zero. A comparison of Fig. 5.33 (a) and (b) shows that a higher concentration of PFC-I 

was required to render the wafer completely wettable in the second cycle. 

5.4.3.3 Effect of H20 2 on Wcttability of Si in TMAH Solutions 

Experiments were conducted to determine the wettability of silicon in TMAH 

solutions containing hydrogen peroxide. These solutions were prepared by adding 

different amounts of hydrogen peroxide (30%) solution to PFC-I-S. For a 5 % PFC-I-
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S (0.075% TMAH) solution, the addition of hydrogen peroxide did not affect contact 

angles significantly as shown in Fig. 5.34. In the first cycle, the advancing angles 

remained at about 90° for a hydrogen peroxide concentration in the range of 30 to 

50,000 ppm. For a 20 % PFC-l-S (0.3% TMAH) solution, the advancing angle slightly 

decreased. The receding angles were quite low (10° - 20°) and insensitive to H~02 

level. 

The contact angle values during the second immersionlemersion cycle in PFC-I

S/H20~ solutions are given in Fig. 5.34 (b). In the second cycle. advancing angles 

decreased sharply with H20 2 concentration in solution. The H20 2 concentration at 

which a sharp decrease occurred was dependent on the concentration of PFC-l-S (i.e., 

TMAH) in solution. Complete wetting was observed at 8000 ppm of H20 2 in a 5 % 

PFC-l-S solution, whereas for a 20 % PFC-l-S solution, a H20 1 level of only 200 ppm 

was needed for complete wetting. Receding angles in the second cycle did not change 

significantly with H20 2 concentration, which was similar to the first cycle. 

5.4.3.4 Etch Rate of TMAH Solutions 

The etch rate of silicon at 25°C is shown in Fig. 5.35 as a function of solution 

concentration of PFC-I, ANC-I and PFC-I-S. In the PFC-I-S solution, etch rate 

increased dramatically (>50 A/min) when the solution concentration exceeded 5 %. In 

both ANC-I and PFC-I solutions, the etch rate was quite low, and in the as-supplied 

solution concentration, the etch rate was about 20 A/min. Obviously. the presence of 
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surfactant in ANC-I and PFC-I is responsible for the reduction in etch rate. In this 

work, the effect of temperature on etch rate was not investigated. One published report 

on the temperature dependence of etch rate in 3.3 % ANC-I solutions mentioned that 

the etch rate at 70°C is fifteen times higher than that at 25°C. 149 

5.4.3.5 ESCA Analysis of Silicon conditioned in TMAH 

As shown in Fig. 5.32, TMAH without surfactant completely wetted silicon at 

solution concentration greater than 0.5 % in the second immersionlemersion cycle. To 

understand the reason for better wettability in TMAH solution, ESCA analysis was 

carried out on silicon samples (a) immersed for 10 min and (b) 2 cycled in I % TMAH 

solution at 64 /lm/sec using dynamic contact angle analyzer. Fig. 5.36 shows ESCA 

spectra in the regions of Si(2p) and Si02(2p) for these samples. Samples cycled in 

TMAH solution showed much higher SiOi2p) peak than samples immersed in TMAH 

solution. It appears that the exposure of air during cycling in TMAH solution enhances 

oxidation of silicon surface. As shown in Fig. 5.35, TMAH solution etches silicon 

severely. Thus, better wetting of silicon by TMAH solution may be due to a 

combination of surface roughness by etching and surface oxidation. 
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CHAPTER 6 

CONCLUSIONS AND SUGGESTIONS FOR FUTURE RESEARCH 

ATR (Attenuated Total Reflection) FT-IR (Fourier Transform-Infrared Radiation) 

teclmique was applied for the study of (1) adsorption of albumin onto a polyurethane 

film deposited on a bare ZnSe IR crystal (internal reflection element) and onto a ZnSe 

surface, (2) ionic surfactant (phosphate ester) adsorption onto alumina and (3) PEO 

based nonionic surfactant adsorption onto silicon. Dynamic contact angle and zeta 

potential measurements were also made in these systems to elucidate adsorption 

phenonmena. 

6.1 Conclusions of the Work on Albumin Adsorption Measurement 

(1). The spectral peak area of the amide II band obtained by a transmission 

method, unlike that of the amide I or III band, was independent of pH. Hence, the 

amide II band area was used to calculate absorptivity of albumin for adsorption density 

calculations. 

(2). Albumin adsorption density, measured usmg ATR FT-IR technique, 

increased linearly as the albumin concentration was increased in the range of 5 to 60 

gil. At the physiological concentration of albumin, adsorption densities of 2.4 and 3.9 

)lg/cm2 were calculated for ZnSe and polyurethane, respectively. These values indicate 
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a multilayer adsorption of about 0.05 and 0.08 /-lm in thickness corresponding to 11 and 

19 layers of albumin molecules which are ellipsoidal in shape. 

(3). Albumin adsorption was dependent on pH and substrate type. The albumin 

adsorption density was higher at pH=7 than that of pH=3 or 11. Higher albumin 

adsorption occurred on the more hydrophobic polyurethane surface than on the less 

hydrophobic ZnSe surface. 

(4). Albumin adsorbed from a solution at pH=3 or 7 eX!.libited a and p structural 

forms and albumin adsorbed from a solution at pH=3 exhibited p structural form. 

6.2 Conclusions of Work on Interaction of Phosphate Ester Surfactant with 

Alumina 

(1) The adsorption isotherm of alkyl phosphate surfactant onto alumina obtained 

by A TR FT -IR technique was characterized by three regions. The maximum adsorption 

density (0.3 /-lg/cm2) corresponds to 1.2 adsorption layer. 

(2) Sharp changes of zeta potential and adsorption density induced by 

hemimicelle formation occurred around 1 ppm of RE 610 concentration. The contact 

angles on alumina increased sharply to surfactant concentration of 10 ppm, and then 

decreased slowly thereafter. 

(3) As the solution concentration of surfactant increased, the pH value at which 

the zeta potential reversed decreased due to the specilic adsorption of surfactant at the 

alumina/aqueous solution interface. 
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(4) The average tilting angles of adsorbed surfactant molecules were probed 

using polarized IR beams. These angles were 42.5° and 40.7° at 50 and 100 ppm of 

solution concentrations, respectively. 

6.3 Conclusions of Work on Wettability of Silicon Wafers 

(I). The surface tension and CMC of PEO based nonionic surfactant containing 

solutions depended on the type and length of alkyl chains as well as the length of 

ethylene oxide chains. For a given alkyl chain length, as the length of ethylene oxide 

increased, the surface tension and CMC were increased. 

(2). All surfactants showed maximum adsorption around CMC. Surfactants with 

linear alkyl chains and a phenoxy group resulted in more adsorption as compared to the 

surfactants with a branched alkyl chain and a phenoxy group. The values of adsorption 

density at CMC, O. I 3x 10.3 JlM/cm 2 for octylphenol PEO and O. I 9x I 0.3 JlMlcm2 for 

nonylpheno PE~, were roughly 114 of vertical monolayer 

(3). For the same hydrophobic alkyl chain length, increasing the length of 

ethylene oxide resulted in a decrease in adsorption density as \Yo,.!] as residual surfactant 

after washing. For a given ethylene oxide chain length, increasing the length of alkyl 

chain increased adsorption density. 

(4). Complete wetting of silicon was found in the first orland in the second 

immersionlemersion cycle in surfactant containing solutions. 

(5). Ozonized DI water was very effective in removal of adsorbed surfactant, but 
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it induced the formation of oxide layer. Piranha solution and hydrogen peroxide also 

removed residual adsorbed surfactant after rinsing with flowing DI water. 

(6). Surfactant containing commercial BOE solutions obtained from different 

vendors exhibited different wetting behaviors and different washing results. 

(7). Silicon etched in BOE can be made wettable by immersionlemersion cycling 

111 surfactant containing TMAH solutions such as PFC-I and ANC-I. In TMAH 

solutions without surfactants, the addition of hydrogen peroxide serve to improve the 

wettability of silicon. 

(8). In surfactant containing TMAH solutions such as ANC-I and PFC-I, the 

etch rates were quite low compared to TMAH (PFC-I-S). 

For the future research, the following areas are suggested: 

(I). Study of adsorption/desorption of surfactants and wettability of silicon at 

elevated temperatures (70 - 80°C). 

(2). A more systematic study of surfactant removal from silicon after processing 111 

surfactant containing solutions. 

(3). Mechanism of removal of adsorbed surfactants on silicon surface using ozonized 

01 water. 

(4). Possibility of removal of adsorbed surfactant using ozonized water or hydrogen 

peroxide without gro\\1h of oxide layer by changing concentration and dipping 

time. 
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(5). The effect of surfactant on the removal of particles on silicon surface. 

(6). Study for ATR FT-IR technique to overcome the need of D20. 
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